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ABSTRACT 

The  objective  of  the  work  represented  by  this  report  was  to  gain  information 
which  will  serve  as  a  guide  in  developing  design  methods  for  underground  structures. 

In  pursuit  of  this  goal,  preliminary  tests  have  been  conducted  on  small  buried  arches 
to  determine  the  influence  of  the  dominant  parameters.  Information  has  been  obtained 
on  the  response  to  long-,  medium-,  arxJ  short-duration  blast  loads  including  the 
deflection,  thrust,  and  moment  patterns.  One  static  test  also  was  performed.  Curves 
showing  the  form  of  arching  under  static  and  blast  loading  are  given.  In  addition, 
buckling  and  the  variation  of  interface  pressure  are  discussed  briefly. 

The  response  of  the  buried  arches  consisted  primarily  of  a  body  notion  upon 
which  was  superimposed  the  first  inextensional  symmetrical  mode  of  vibration.  As 
the  entire  structure  moved  downward,  the  sides  moved  outward  slightly  and  then 
inward.  It  was  evident  that  the  passive  pressures  which  developed  on  the  sides 
played  the  dominant  role  in  providing  resistance. 

It  has  been  found  that  in  static  tests  some  of  the  surface  load  is  carried  by 
arching  through  the  soil.  In  the  dynamic  tests  the  inertial  forces  of  the  soil  above 
the  arch  were  found  to  be  important.  The  inertial  load  overcame  the  soil  shear 
resistance  so  that  a  load  approximately  equal  to  the  surface  load  acted  on  the 
structure. 

A  model  analysis  of  the  system  and  subsequent  comparison  of  the  deflections 
from  the  small -structure  tests  and  the  Operation  Plumbbob  Structure  3.3  tests  indicate 
that  modeling  of  deflections  is  possible. 
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INTRODUCTION 


Subject  and  Purpose  of  Report 

This  report  presents  o  review  of  the  soil -structure  interaction  problem  and  gives 
data  from  preliminary  tests  on  small  buried  arches.  The  work  was  accomplished  under 
Task  Y-F008-10-108/  Studies  of  Soil-Structure  Interaction,  ornl  Task  Y-F008- 10-402, 
Fundamental  Behavior  of  Soils  Under  Time -Dependent  Loads,  both  sponsored  by  the 
Defense  Atomic  Support  Agency  through  the  Bureau  of  Yards  and  Docks.  The  objec¬ 
tives  of  the  tests  and  studies  were  directed  toward  satisfying  research  requirements  of 
these  agencies. 

The  specific  system  under  study  was  the  semicircular  shallow-buried  arch  which 
constitutes  the  Navy's  standard  personnel  shelter.^  It  was  desired  to  learn  something 
of  the  response  to  static  and  blast  loads,  including  information  on  pressure  distribution 
around  the  arch,  the  influence  of  arching  and  passive  pressure  in  providing  resistance, 
and  the  nature  of  the  body  motions  of  the  arch.  The  ultimate  goal  of  the  buried-orch 
studies  is  to  provide  and  substantiate  theoretical  methods  which  will  enable  the  eco¬ 
nomical  design  of  underground  structures  and  the  prediction  of  their  behavior. 

Analysis  of  the  Problem 

The  arch,  when  employed  as  a  shelter,  is  buried  with  sufficient  depth  of  earth 
over  the  crown  to  reduce  the  rodiation  level  from  a  nuclear  blast  to  a  tolerable  level 
within  the  shelter.  The  arch  is  loaded  by  the  soil  and  by  the  stress  wave  in  the  soil 
induced  by  the  blast  wave  as  it  travels  over  the  surface.  It  is  assumed  that  the  shelter 
is  in  the  intermediate  overpressure  region  (of  the  order  of  100  psi)  so  that  direct 
ground  shock  can  be  neglected. 

A  portion  of  the  load  is  carried  by  arching  through  the  soil;  the  remainder 
reaches  the  structure.  As  the  structure  commences  to  deflect  under  load,  it  reacts 
against  the  soil.  Thus,  resistance  is  provided  by  the  soil.  Also,  the  footings  deflect 
into  the  soil,  which  relieves  the  load  in  the  arch  to  a  degree.  The  nature  of  this 
interaction  and  the  influence  of  the  various  parameters  involved  are  not  v.'ell  under¬ 
stood,  but  the  parameters  considered  to  be  of  prime  importance  are: 

1.  The  stiffness,  El,  of  the  arch. 

2.  The  width  of  the  footings. 


3.  The  ratio  of  the  depth  of  cover  to  the  arch  radius. 

4.  The  properties  of  the  foundation  and  backfill  material,  including  density, 
angle  of  internal  friction,  and  the  load  settlement  relationship. 

5.  Load  charocteristics,  especially  rise  time,  peak  load,  and  load  duration. 

Eventually  each  of  these  parameters  should  be  studied,  but  first  it  is  necessary  to 
develop  the  means  for  such  investigations. 

Since  the  number  of  tests  in  a  study  of  the  problem  is  large,  it  is  necessary  to 
resort  to  small -structure  or  model  tests.  Model  tests,  however,  involve  difficulties 
because  of  uncertainty  about  the  modeling  laws  for  soils.  For  this  reason  the  most 
promising  opprooch  appeared  to  be  the  testing  of  small  structures,  (as  indicated  in 
Figure  1),  developing  theories  vdiich  agree  with  the  results,  and  finally  extrapolating 
these  theories  to  larger  structures.  Simultaneously,  it  would  be  highly  desirable 
to  study  the  dominant. parameters  independently  and  to  utilize  the  principle  of  syn¬ 
thesis  to  predict  the  behavior  of  soil -structure  systems. 

Investigation  of  soil -structure  interaction  by  experiments  involves  numerous 
difficulties.  Most  of  these  are  due  directly  to  the  nature  of  soil.  The  nonlinear 
stress-strain  properties  and  the  difficulty  in  measuring  soil  pressure  are  the  major 
problems.  Among  others  ore  the  need  for  relatively  large  volumes  of  material  and 
the  effects  of  confining  boundaries.  These  difficulties  must  not  deter  pursuit  of 
answers  to  the  problem,  but  they  do  limit  the  probability  of  success  of  any  investigation. 

Philosophy,  Approach,  and  Scope 

At  the  outset  of  a  study  it  is  necessary  to  establish  a  basic  philosophy  upon 
which  to  base  an  approach.  The  experience  of  the  authors  has  been  that  in  structural 
dynamics  the  ultimate-load  approach  based  on  fundamental  mode  response  has  proved 
the  most  fruitful.  In  treating  reinforced  concrete  beams,  for  example,  a  multiple¬ 
mode  solution  for  the  elastic-piostic  behavior  leads  to  mathematical  complexities 
which  yield  little  useful  information  not  obtainable  from  a  simple  fundcxnental-mode 
solution.  It  is  expected  that  the  same  will  hold  for  buried  arches. 

At  least  until  basic  phenomena  are  more  clearly  understood,  there  seems  little 
to  be  gained  from  elaborate  theoretical  developments  or  parallel  experiments  which 
consider  various  types  of  shock  waves  transmitted  through  the  soil,  impinging  upon 
the  arch  surface,  refracting  and  reflecting,  as  higher  modes  are  excited  in  the  arch. 
Rather,  initial  theoretical  and  experimental  efforts  should  be  directed  at  gaining  an 
understanding  of  the  dominant  parameters  and  aspects  of  behavior. 
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Figure  1.  Perspective  of  blast  simulator  pit  showing  40-ton  soil  moss  and  buried  arch. 
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Next,  the  question  might  be  considered  whether  it  would  be  better  to  perform 
experiments  designed  to  provide  information  on  specific  parameters  known  to  be 
important  or  whether  to  attempt  to  gain  information  of  a  more  general  nature  first. 

Again  the  philosophy  of  directing  initial  work  towards  gaining  an  <;r:'«rstanding  of 
general  behavior  was  considered  to  offer  the  most  promise  of  results  which  would  be 
immediately  useful.  Based  on  this  philosophy,  an  approach  was  pursued  as  follows: 

1.  A  relatively  crude  replica  of  a  section  of  a  buried  arch  was  made  to  give 
some  idea  of  the  deflection  patterns  which  might  be  expected.  This  was 
intended  primarily  as  an  aid  to  proper  location  of  instrumentation. 

2.  A  two*-dimensional  model  was  constructed,  instrumented,  and  tested  in 
the  blast  simulator.^®  These  tests  proved  to  be  inadequate  for  reasons 
to  be  discussed  later;  thus, 

3.  A  series  of  three-dimensional  small -structure  tests  were  performed. 

Prior  to  beginning  the  experimental  work,  the  pertinent  literature  was  reviewed. 
Also,  a  theoretical  development  was  undertaken  which,  it  is  hoped,  eventually  may 
be  modified  to  agree  with  the  test  results  arxi  be  used  for  the  ge  neration  of  design 
charts.  Only  the  results  of  the  experimental  work  and  preliminary  analytical 
approximations  are  reported  here. 

For  brevity,  the  scope  of  this  report  is  restricted  to  the  treatment  of  a  simple 
two-hinged  arch  buried  in  dry  sand.  This  is  an  admittedly  idealized  system,  but  it 
has  the  advantage  of  simplifying  soil  control  and  repeated  testing.  The  idealized 
system  also  permits  simplifications  in  the  parallel  theoretical  development  over  what 
would  be  necessary  with  cohesive  soils. 

In  the  sections  which  follow,  essential  background  information  is  summarized, 
then  the  experimental  work  performed  to  date  is  described,  and  the  results  are  presented 
-nd  discussed.  This  is  followed  by  a  list  of  tentative  findings. 


BASIC  ASPECTS 
Topics  of  Concern 

In  this  section  the  main  factors  involved  in  the  study  of  soil -structure  interaction 
are  briefly  reviewed  to  enhance  understanding  of  the  test  results  presented  in  the 
following  pages.  The  topics  of  concern  are:  the  properties  of  dry  sand,  shock  propa¬ 
gation  in  soil,  sol  I -structure  interaction,  foundations,  and  model  analysis.  These 
topics  are  reviewed  only  to  the  extent  that  the  information  is  useful  in  discussing 
and  interpreting  the  test  results. 
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The  properties  of  dry  sand  and  strip  footing  behavior  are  reviewed  in  Appendix  A. 
Analysis  of  meeting  of  the  system  is  given  in  Appendix  B.  The  prime  aspects  of  shock 
propagation  in  soil  and  of  soil  ■structure  interaction  are  reviewed  in  the  foliowing 
paragraphs. 

Shock  Propagation  in  Soil 

The  system  under  consideration  is  the  shai low-buried  semicircuiar  arch  subjected 
to  a  nucieor  biast.  As  the  shock  wove  moves  out  from  ground  zero,  stress  waves  are 
induced  in  the  soii  field.  These  waves  travel  through  the  soil  and  interact  with  the 
buried  arch. 

Uhfortunateiy,  stress  waves  measured  in  fieid  tests  do  not  appear  to  conform 
to  ideaiized  theoretical  cases  of  wave  propagation  in  fluids  or  solids."  This  is 
undoubtedly  because  soil  is  not  a  fluid  nor  a  solid  but  a  nonhomogeneous  "semisolid" 
with  highiy  dissipative  characteristics.  Further,  as  indicated  in  Appendix  A,  the 
stress-strain  characteristics,  and  consequently  the  stress  wave  characteristics,  of  even 
such  an  idealized  soii  as  dry  sand  are  quite  variabie. 

Ideaily,  the  stress  waves  which  wouid  be  expected  in  the  soil  are  elastic 
dilatation  and  distortion  waves  and  plastic-type  compaction  waves. Plastic 
waves  may  also  be  of  the  dilatation  or  shear  type.  Apparently  Rayleigh  waves 
also  are  induced  in  a  soil  field,  but  the  picture  obtainable  from  available  pressure 
records  does  not  permit  the  separation  of  any  of  these  waves  with  certainty. 

Stress  waves  induced  in  soil  by  air  blast  are,  strictly  speaking,  not  shock  waves 
although  they  are  often  called  shock  waves.  The  connotation  usually  ascribed  to  the 
term  shock  wave  is  that  the  wave  front  becomes  steeper  and  steeper  as  it  propagates 
through  the  material .  In  soil,  the  front  generally  gains  a  successively  longer  rise 
time.  For  this  reason,  the  term  soii  stress  wave  will  be  used  here. 

Prime  characteristics  of  o  soii  stress  wave  are  attenuation  of  amplitude  and 
increase  in  rise  time  as  the  wave  travels  to  greater  depths.^  Attenuation  at  shallow 
depths  is  small  and  may  be  neglected  for  the  system  under  study,  but  the  rise  time 
becomes  significant  even  at  shallow  depths.^' ^  The  peak  stress  and  the  duration 
of  the  wave  near  the  surface  should  be  essentially  the  same  as  the  peak  overpressure 
and  duration  of  the  surface  shock  wave. 

As  the  stress  wave  strikes  the  surface  of  the  arch,  a  reflection  might  be  expected 
at  the  interface.  That  is,  the  stiffness  of  the  structure  relative  to  the  stiffness  of  the 
soil  might  be  expected  to  affect  the  pressure  transmitted  to  the  structure.  To  date, 
however,  there  is  no  conclusive  indication  of  major  stress  reflection  at  the  soil- 
structure  interface  of  underground  structures.  Ultimately,  a  more  detailed  study  of 
this  problem  must  be  made  to  determine  just  what  happens  at  the  interface. 
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Soll-Structur*  Interaction 

As  the  strais  wove  travels  down  through  the  soil  and  envelops  the  arch,  a 
complex  Interaction  occurs:  the  soil  and  structure  respond  as  a  unified  system.  This 
process  Involves  deflection  of  the  footings  with  the  foundation  soil,  distribution  of  a 
portion  of  the  load  through  the  soil  mau  surrounding  the  structure  by  arching,  and 
development  of  soil  pressures  In  the  paulve  sense*  where  the  arch  deflections  are 
Into  the  soil. 


Footing  deflection  and  itt  consequences  have  been  observed  in  full*«cale  field 
tests^  and  an  approximate  analysis  has  been  developed  for  predicting  its  magnitude.^ 
Yet,  there  Is  still  a  great  deal  to  be  learned  about  this  action  and  the  parameters 
which  govern  it.  In  all  prdxabllity,  the  amount  of  footing  deflection  which  occurs 
will  influence  the  amount  of  arching  through  the  soil,  the  pressure  distribution  around 
the  extrodos,  and  thus  the  radial  and  tangential  response  of  the  arch  proper. 


It  has  been  hypothesized  that  arching  through  the  soil  considerably  reduces  the 
lood  which  gets  to  the  structure.  ^  Arching  is  developed  by  virtue  of  the  shear  strength 
of  the  soil.^  As  such,  for  sond,  it  is  expected  to  be  primarily  a  function  of  the  angle 
of  internal  friction  of  the  soil,  and  the  ratio  of  the  depth  of  cover  over  the  crown  to 
the  radius  of  the  arch.  Arahing  studies  hove  been  mo^  in  ''trop^door”  experiments. 
Also,  a  recent  study  gives  experimental  results  on  arching  across  small-size  structures 
subjected  to  static  loading. ' ' 


The  soil  pressures  which  confine  the  arch  are  considered  for  more  important  than 
soil  arching  in  providing  resistance  by  relieving  the  load.  As  the  crown  is  loaded,  the 
haunches  of  an  arch  would  be  expected  to  move  outward  into  the  soil,  developing 
large  pressures  which  result  in  a  near  radial  pressure  distribution  around  the  arch. 
Confining  or  passive-sense  pressures  in  we  1 1 -compacted  sand  are  developed  with 
exceedingly  small  deflections,  as  is  readily  seen  from  tests  of  deodman  anchors. 

Further,  passive-sense  pressures  much  greater  than  the  active  pressure  are  readily 
developed.  As  has  been  shown,  the  soil  surrounding  an  undeiground  arch  contributes 
the  major  portion  of  the  resistance  to  lateral  defbnnation.  The  tests  reported  here 
provide  limited  information  on  these  panive-sense  pressures. 


There  have  been  several  attempts  at  developing  a  satisfactory  theory  for 
predicting  the  behavior  of  buried  structures.  Certain  of  these  are  rather  so^isti- 
cated,  19,28  while  othea  have  attempted  more  gross  predictions.  16,  z9  Q|^ 


*  By  passive-sense  pressure  is  meant  pressures  between  the  ot-rest  value  and  the 
passive  value.  In  contradistinction,  the  passive  pressure  is  the  value  at  failure, 
os  explained  in  Appendix  A. 
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of  the  more  promiitng  approaches  Is  based  on  the  selection  of  pianos  within  the  soil 
(where  the  shear  streu  equals  the  ultimate  shear  resistance)  and  the  writing  of  equa¬ 
tions  of  motion  qf  ^he  mass  of  soil  bounded  by  these  planes,  the  structure,  and  the 
ground  surface.  By  this  means,  an  equation  Is  developed  for  a  pseudo-period  and 
a  plot  is  given  which  shows  the  effect  of  load  duration  on  the  peak  overpressure 
required  to  produce  failure  of  a  structure.  From  these  curves  it  is  evident,  for 
example,  that  for  structures  of  100-man  personnel  shelter  proportions  (1000  square 
feet),  the  peak  pressure  to  produce  failure  Is  essentially  the  same  for  all  loads  with 
a  duration  greater  than  about  300  milliseconds.  For  sh^er  load  durations,  the  load 
to  produce  failure  goes  up  rapidly.  Thus,  the  method  permits  the  attainment  of  at 
least  an  approximate  idea  of  the  influence  of  the  various  load  and  soil  parameters. 


EXPERIMENTAL  WORK 
Considerations  in  Experimental  Design 

The  experimental  program  described  was  based  on  the  fundamental  objective  of 
gaining  an  understanding  of  the  general  behavior  of  buried  structures  subjected  to 
blast  loads.  Specifically,  it  was  desired  to  define  the  time  variation  of  deflection, 
moment,  thrust,  and  pressure;  ortd  the  character  of  arching,  footing  deflection,  and 
passive  pressure.  Secondary  objectives  were  to  obtain  information  on  the  soil  pressure 
and  movements  in  the  free  field  which' influence  the  arch  behavior. 

To  accomplish  these  objectives  it  was  deemed  desirable  to  test  a  model  of 
Operation  Plumbbob  Structure  3.3b^  since  results  of  field  tests  of  this  structure  could 
be  used  for  comparative  purposes.  It  was  doubtful,  however,  that  contemporary 
knowledge  would  permit  true  modeling  of  buried  structures  with  any  degree  of  cer¬ 
tainty.  The  alternative  was  to  scale  the  Plumbbob  Structure  3.3b  as  well  as  possible 
but  to  consider  the  resulting  system  as  a  small  structure  test  and  not  as  a  model  test. 
With  this  approach  it  was  hoped  that  once  the  underground  modeling  problem  is  solved, 
the  data  might  be  useful  from  a  modeling  point  of  view. 

Prior  to  initiating  a  test  program,  the  simple  configuration  described  in 
Appendix  C  was  devised  to  get  pictures  of  the  probable  deformation  patterns  to  aid 
in  location  of  instrumentation.  Normally,  this  type  of  preliminary  investigation  is 
not  reported,  but  serendipitious  qualitative  results  from  these  tests  warrant  their 
inclusion.  Further,  they  give  rather  interesting  deformation  patterns. 

Once  the  probable  deformation  patterns  had  been  defined,  a  series  of 
two-dimensional  tests  were  designed  in  an  effort  to  accomplish  the  task  objectives. 
These  tests,  as  described  in  Appendix  D,  were  only  partly  succeuful  because  of  the 
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deleterious  effects  of  bourdory  friction.  The  two-dimensional  tests  were  performed 
in  the  skirt  extensions  of  the  blast  simulator,  which  formed  a  boxlike  chamber  6  feet 
deep  by  9  feet  long  by  8  Inches  wide.  The  results  of  supplementary  tests  to  determine 
arching  and  friction  from  the  boundaries  of  the  chamber  ore  also  described  in 
Appendix  D.  Studies  aimed  at  reducirtg  boundary  friction  and  arching  hove  been 
mode; ' '  however,  the  methods  which  have  proved  successful  ore  uneconomical  for 
relatively  large  models.  Two-dimensional  experiments  have  the  advantage  of  per¬ 
mitting  visual  and  photographic  monitoring  of  behavior,  which  is  difficult  to  achieve 
in  three-dimensional  tests.  The  two-dimensional  tests  were  eventually  abandoned, 
however,  in  fovor  of  three-dimensional  tests  because  of  the  boundary  difficulties. 

Three-DimensiofKii  Tests 

The  configuration  of  the  setup  for  the  three-dimensional  tests.  Figure  2, 
consisted  of  a  small  structure  buried  in  a  soil  field  of  dry  sand.  The  sand  was 
contained  by  the  pit  of  the  blast  simulator,  which  is  9  feet  by  10  feet  in  plan  and 
13  feet  deep.  The  structure  used  was  a  30-inch -diameter  semicircular  arch  with  a 
length  of  5  feet  and  a  thickness  of  0. 0478  inch.  The  arch  was  fabricated  from 
galvanized  sheet  steel  and  the  endwalls,  floor,  and  footings  were  mode  of  Douglas 
fir.  Piano  hinges  were  brazed  to  the  sheet  metal  and  screwed  to  the  foundation  to 
simulate  pinned-end  conditions.  The  footings  were  tied  at  mid-span  with  a  strap- 
steel  bracket  located  to  prevent  rotation  or  lateral  motion  of  the  footings.  Fundamental 
physical  properties  of  the  arch  are  given  in  Table  I. 


Table  I.  Fundamental  Physical  Properties  of  Arch 


Type 

Material 

Modulus  of  elasticity,  E 

Radius,  r 

Length 

Thickness 

Weight  (including  ends  and  instrumentation) 

Depth  of  crown  below  surface 

Side  footing  width 

Side  footing  height 

End  footing  width 

Ertd  footing  height 

Natural  period  (1st  inextensional  mode) 
Moment  of  inertia,  I 
Radius  of  gyration  of  section 


two-hinged  semicircular 
steel 

30  X  10*  psi 
15  in. 

57.6  in. 

0.0478  in. 

68  lb 
6  in. 

1.20  in. 

1.80  in. 

1.75  in. 

3.75  in. 

29  msec 

9.1  X  10“*  in.'* 

1.38  X  10-2  jn. 
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Figure  2.  Small  itruclure  in  test  pit. 


The  sand  was  placed  in  the  pit  in  vertical  lifts  of  2  feet  and  vibrated  as 
described  in  Appendix  A.  When  the  depth  of  sand  was  at  the  elevation  of  the 
footings^  the  arch  was  placed  in  the  pit  os  shown  in  Figure  2.  Care  was  token  to 
seat  the  footings,  then  the  remainder  of  the  soil  (backfill)  was  placed  and  vibrated. 
The  contour  of  the  arch  was  maintained  during  backfilling  by  an  internal  bracing 
system  located  at  mid-length  and  rigged  so  that  it  could  be  collapsed  by  pulling  a 
cable  after  the  backfill  was  in  place.  Properties  of  the  sand  as  placed  are  given 
in  Table  A-l  in  Appendix  A. 

A  polyethelene  sheet  8  mils  thick  was  placed  over  the  surface  of  the  sand  and 
sealed  around  the  edges  fo  prevent  gas  pressure  from  entering  the  soil.  Subsequently, 
static  or  dynamic  gas  pressure  was  applied  to  uniformly  load  the  soil  surface.  The 
gas  was  confined  by  skirt  extensions  which  passed  downward  from  the  bottom  of  the 
blast  simulator  to  the  sides  of  the  pit.  These  are  shown  in  Figure  3,  which  illustrates 
the  transverse  section  of  the  test  arrangement.  Figure  4  illustrates  the  lortgitudinal 
section.  Stiffened  steel  plates  were  placed  over  the  ends  of  the  skirt  extensions. 

Blast  loads  generated  in  the  simulator  traveled  downward  through  the  skirts  and 
expanded  into  the  volume  enclosed  by  the  extensions. 
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Figure  3.  Transverse  section  of  test  setup. 
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It  was  not  poulble  to  complotely  seal  the  joints  of  the  skirt  extensions  with  the 
simulator  and  end  plates.  Thus,  to  obtain  static  loads,  a  plastic  bag  was  made  ta  fit 
the  contour  of  the  confining  chamber.  For  static  loading,  air  was  pumped  into  the 
plastic  iMg.  Obviously,  it  was  necessary  to  hove  all  instrumentation  in  place  prior 
to  backfilling  and  installation  of  the  confining  system. 

Two  series  of  three-dimensional  tests  were  run.  The  test  setup  for  both  was  the 
some,  except  (1)  the  density  of  the  soil  in  the  Series  I  tests  was  greater  than  in  the 
Series  II  tests,  and  (2)  the  instrumentation  was  modified  slightly  for  the  second  series 
of  tests  based  on  informotion  gained  in  the  earlier  series. 

Instrumentation 

Recording  Equipment.  Instrumentation  was  provided  to  measure  pressures, 
strains,  defiections,  and  accelerations.  All  measurements  were  recorded  using 
Consolidated  Electrodynamics  Corporation  (CEC)  System  D  equipment  with  two 
CEC5-119  oscillographs.  Slightly  different  instrument  layouts  were  used  in  the 
Series  I  and  the  Series  II  tests,  as  shown  in  Figures  5  through  10. 

Gas  Pressure.  Gas  pressures  generated  within  the  blast  simulator  were  measured 
with  Statham  Model  PA-208TC  cells.  These  celts  were  located  as  shown  in  Figures  3 
and  4,  and  were  precalibrated  with  a  Wallace  and  Tiernan  Model  FA-145  static- 
pressure  gage  prior  to  installation  in  the  simulator.  Gage  3  measured  side-on  pressure. 

Strains.  Strains  in  the  arch  were  measured  with  SR-4  bonded  strain  gages 
Type  A-5-1  which  had  a  gage  factor  of  1.98.  These  gages  were  located  on  the 
intrados  and  extrados  of  the  arch  at  the  locations  shown  in  Figures  7  and  10.  The 
gages  can  be  seen  in  Figure  1 1,  which  is  a  view  of  the  underside  of  the  arch.  The 
strains  were  used  to  determine  the  thrust  and  moment  in  the  arch. 

Deflections.  Deflections  of  the  structure  were  measured  with  Bourns  linear- 
motion  potentiometers.  Model  108.  These  gages  were  located  as  shown  in  Figures  6 
and  9.  Potentiometers  numbered  1,  2,  and  3  had  a  range  of  6  inches  and  measured 
vertical  motions  of  the  footings  and  the  crown  relative  to  the  floor  of  the  pit. 
Potentiometers  4  and  5,  capable  of  1.31  inches  of  travel,  detected  motion  of  the 
haunches  at  the  25-degree  points  relative  to  the  respective  opposite  footings.  The 
potentiometers  were  calibrated  versus  linear  scale. 

Soil  Pressures.  An  effort  was  made  to  obtain  data  on  the  entrapped  air 
pressure  and  the  intergranular  pressure  in  the  free  field.  To  do  this,  100-psi  CEC 
Type  4-312  fluid-pressure  pickups  with  a  maximum  error  of  0.009  percent  of  full 
range  per  degree  Fahrenheit  were  mounted  in  a  plate,  one  in  contact  with  the  sand 
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and  one  covered  by  a  fine  wire  screen,  at  the  locations  indicated  in  Figures  3  and  4. 
The  intent  was  to  measure  entrapped  air  pressure  with  the  covered  gage  and  entrapped 
air  plus  intergranular  pressure  with  the  gage  in  contact  with  the  sand.  It  was  recog¬ 
nized  that  the  probability  of  getting  reliable  soil-pressure  readings  with  these  gages 
was  poor,  but  unfortunately  there  is  no  reliable  means  of  measuring  soil  pressure 
known  at  the  present  time,  in  spite  of  the  recognized  difficulties,  an  attempt  to 
measure  soil  pressures  was  considered  worthwhile.  The  gages  employed  were  cali¬ 
brated  with  static  air  pressure  and  statically  in  sand  in  a  test  bin.  An  unsuccessful 
attempt  also  was  made  to  calibrate  the  gages  dynamically  in  a  triaxial  soil  test. 

Interface  Pressures.  CEC  Type  4-312A  pickups  also  were  used  to  detect  the 
interface  pressures.  These  transducers,  located  as  shown  in  Figures  5  and  8,  were 
mounted  in  holes  cut  through  the  arch  in  such  a  way  that  their  faces  were  flush  with 
the  extrados.  They  were  covered  with  a  thin  plastic  film  prior  to  placement  of  the 
backfill. 

Boundary  Pressures.  Boundary  pressures  were  detected  with  a  specially  built 
gage  which  has  been  successfully  used  in  static  tests  to  measure  soil  pressure  against 
laterally  loaded  piles.  These  gages  are  described  in  detail  elsewhere. In  essence, 
they  consist  of  an  oil-filled  bellows-type  housing  1  l/l6-inch  thick  with  a  rigid 
face  3-27/32  inches  in  diameter.  A  CEC  Type  4-312A  pickup  is  mounted  in  the 
back  of  the  gage  to  detect  changes  in  fluid  pressure.  These  gages  are  not  suited  to 
the  measurement  of  dynamic  stress  waves  because  of  their  long  natural  period.  The 
housings  were  mounted  in  12-inch-wide  steel  channels  so  that  the  face  plates  were 
flush  with  the  outside  surface  of  the  channel  web.  The  channels  were  then  placed 
around  the  boundary  of  the  test  pit  at  the  locations  indicated  in  Figures  3  and  4. 

Accelerations.  Accelerometers  were  placed  at  positions  on  the  arch  and  in 
the  free  field  as  indicated  in  Figures  9  and  4.  Statham  Type  ASA  accelerometers 
with  a  range  of  100  g's  were  mounted  on  the  underside  of  the  6-inch  by  6-inch  by 
12-gage  steel  plates  placed  in  the  free  field.  Small  accelerometers,  Statham 
Model  A52,  with  a  100-g  range  were  attached  to  the  arch.  The  accelerometers 
were  intended  to  provide  information  on  accelerations,  velocities,  ond  deflections. 
Both  types  of  accelerometers  were  accurate  to  within  ±1  g  and  had  a  0.02  g  per  g 
limit  of  response  to  transverse  acceleration. 

Measurement  Errors.  The  expected  maximum  errors  for  the  various  measurements 
are  summarized  in  Table  II.  The  values  given  for  the  pressure  pickups  are  valid  only 
when  measuring  gas  pressure.  As  the  last  column  in  Table  II  indicates,  the  maximum 
expected  error  is  of  the  order  of  ±6  percent.  In  some  traces  the  error  may  exceed 
this  due  to  intermittent  electrical  noise  on  certain  of  the  records.  Every  effort  was 
made  to  minimize  errors  in  perfonning  the  tests  and  reducing  the  data. 
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Figure  5.  Pressure  cell  locations  —  Series  I. 
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6.  Deflection  gage  locations  —  Series 


End  Vi»w 


Figure  7.  Strain  gage  locations  —  Series  I. 
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Plon  Vi»w 


I 


End  VImw 


Figure  8.  Pressure  cell  locations  —  Series  II. 


18 


21 


Figure  11.  Underside  of  instrumented  arch. 

Test  Program  and  Procedure 

The  test  schedules  and  main  objectives  for  the  Series  I  and  Series  II  three- 
dimensional  (30)  tests  are  given  in  Tables  III  and  IV. 

Vibration  Tests.  The  arch  was  vibrated  prior  to  backfilling  to  obtain  its 
unconfined  natural  frequency  in  the  first  inextensional  symmetrical  and  antisym- 
metrical  modes.  Table  V.  These  were  the  only  modes  which  could  be  excited 
independently  by  the  simple  expedient  of  pushing  on  the  arch  and  suddenly  releasing 
it  to  vibrate.  After  the  arch  had  been  covered  with  sand,  the  first  inextensional 
symmetrical  mode  was  excited  by  detonating  a  small  charge  of  high  explosive  one 
foot  above  the  surface. 

Dead-Load  Tests.  Gage  readings  were  taken  with  the  arch  in  the  ur'oaded 
condition  and  again  when  the  backfilling  was  completed  to  obtain  the  strains, 
deflections,  and  pressures  due  to  the  soil  cover.  Instead  of  the  System  "D"  equipment 
used  in  the  dynamic  tests,  Baldwin  Type  "M"  strain  indicators  were  used  for  the 
dead-load  tests.  All  transducers  hod  been  previously  calibrated  for  use  with  these 
indicators. 
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Table  III.  Test  Schedule  —  Series  I 


Load 

(p»i) 

Duration 

Main  Objective 

Vibration 

— 

— 

Determine  natural  periods  of 
modes  of  vibration 

No  load 

dead  load 

static 

Determine  dead-load  readings 

3D-6A 

5 

long 

3D-6B 

3D-6C 

6 

long 

Determine  response  of  arch  to 

7 

long 

long-duration  loads;  invest!- 

3D-7A 

10 

long 

gate  importance  of  soil  inertial 
forces 

3D-7B 

10 

long 

3D-7C 

10 

long 

3D-6D 

6 

short 

Determine  response  to  short- 

3D-7D 

10 

short 

duration  loads 

3D-6E 

6 

medium 

Detennine  response  to 

3D-7E 

10 

medium 

intermediate-duration  loads 

Determine  extent  of  pore 

3D-6F 

7 

long 

pressure  with  plastic  sheet 
removed 

3D-8 

24 

long 

Determine  response  at  high 
overpressure 

Si/  Tests  were  performed  in  sequence  listed. 
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Table  IV.  Test  Schedule  —  Series  II 


Test*' 

Load 

(psi) 

Duration 

Main  Objectives 

Vibration 

— 

— 

Determine  natural  periods  of 
modes  of  vibration 

No  load 

dead  load 

static 

Determine  deod-load  readings 

3D-11A 

3D-nB 

6.5 

short 

short 

Determine  response  of  arch  to 
short-duration  loads;  investigate 

7 

importance  of  soil  inertial  forces 

3D-12A 

7 

long 

Same  as  above  except  for  long- 

3D-12B 

7 

long 

duration  loads 

3D-13A 

12 

long 

30-13B 

17 

long 

Evaluate  arch  response  at  higher 
load  levels 

3D-13C 

25 

long 

3D-14A 

7 

short 

Determine  the  pore  pressures 

3D-15A 

to  4 

static 

Gxnpare  static  and  dynamic 
behavior 

^  Tests  were  performed  in  sequence  listed. 


Table  V.  Deflection  Modes  of  on  Arch 


I.  Extensionol  Mode 

Sometimes  colled  compression  or 
"breathing"  mode 


II.  Inextensionol  Modes 

A.  Symmetrical 

1,  1st  symmetrical 

(bend  i  ng -compression) 


2.  2nd  symmetrical 

(be  rid  ing -compression) 


B,  Antisymmetricol 

1.  1st  antisymmetricol 
(lateral  bending  mode, 
flexural  mode,  deflection 
mode) 


2.  2nd  antisymmetricol 
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Bicwt-Lood  Teitt.  Short-,  medium-,  and  long-duration  loads  were  applied  to 
the  soil -structure  system  as  indicated  in  Tables  III  and  IV.  The  terms  short  and  long 
duration  mean  that  the  ioodirtgs  are  short  or  long  with  respect  to  the  natural  period 
of  the  system.  The  distinction,  os  usually  employed  with  beams,  is  whether  the 
effective  duration  of  the  load  is  greater  than  or  less  than  6  times  the  lowest  natural 
period.  Until  more  is  known  about  the  behavior  of  buried  arches  no  such  numerical 
distinction  is  considered  justified.  At  present  it  is  deemed  more  satisfactory  to 
classify  a  loading  os  of  long,  medium,  or  short  duration  on  the  basis  of  the  nature 
of  the  response  which  it  produces  in  the  soil -structure  system.  This  has  been  done 
in  the  tabulations  of  data  which  follow. 

It  is  to  be  noted  especialiy  that  the  system  was  not  altered  for  a  given  series 
of  tests  as  the  load  was  increased.  That  is,  the  sand  was  not  recompacted  or  otherwise 
disturbed  in  any  way.  The  only  exception  was  that  the  soil  may  have  been  disturbed 
in  installing  the  plastic  bag  for  the  last  test  of  Series  li. 

Static  Tests.  The  static  test  was  not  completed  because  a  leak  developed  in 
the  thin  (8-mii)  plastic  bag  at  a  pressure  of  4  psi.  G)mpiete  static  tests,  therefore, 
must  a  wo  it  a  future  test  series. 


RESULTS  AND  DISCUSSION 
Introduction 

The  behavior  of  the  small  arches  appeared  much  the  same  as  that  of  the 
full-size  corrugated -metal  arches  tested  in  Operation  Piumbbob.^  However,  since 
the  data  from  the  full-scale  tests  is  limited  it  is  only  possible  to  make  comparisons 
of  peak  deflections.  Results  of  the  Series  I  and  ii  tests  also  were  consistent,  although 
there  were  anomalies  that  will  be  cited  in  another  context. 

Considerable  data  wos  collected  in  these  tests,  but  the  body  of  dota  on 
underground  structure  behavior  remains  exceedingly  small.  Consequently,  concul- 
sions  and  inferences  drawn  from  the  test  data  may  need  modification  as  better  control, 
better  means  of  measurement,  arxi  more  data  are  accumulated.  The  data  obtained 
should  be  especially  useful  for  comparison  purposes  in  theoretical  analyses  and 
model  studies.  Likewise,  it  is  expected  that  these  theoretical  studies,  when  available, 
will  markedly  influence  the  direction  of  future  testing. 

Measurements  obtained  were,  in  general,  quite  good  except  for  soil-pressure 
traces.  Some  soil-pressure  measurements  are  reported  but  their  validity  is  questionable 
since,  as  has  been  remarked,  no  satisfactory  means  for  sensing  soil  pressures  is 
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available.  Despite  the  lack  of  adequate  soil-pressure  measurements/  considerable 
infonnation  about  arch  behavior  is  derivable  from  the  strain,  deflection,  and 
acceleration  measurements  which  were  taken. 

Natural  Period 

In  the  discussion  of  natural  period  and  response,  repeated  reference  will  be 
made  to  the  deflection  modes  of  on  arch.  In  these  discussions,  the  formal  definitions 
of  Table  V  will  be  used.  Descriptive  names  for  the  various  mode  shapes  shown  in 
the  accompanying  sketches  and  often  used  in  the  literature  are  listed  in  parentheses. 

A  convenient  form  for  the  relation  expressing  the  frequency  of  the  natural 
modes  of  vibration  of  a  180-degree  arch  is 


where  Cn  equals  a  constant  corresponding  to  the  various  mode  shapes  as  follows: 

(extensional  mode)  =  13.7 

C2  (first  inextensional  symmetrical  mode)  =  8. 1 

(first  inextensional  antisymmetrical  mode)  =  2.2 

and  =  natural  period  of  vibration  corresponding  to  the  nth  mode 
r  =  radius  of  arch 
El  =  stiffness  of  arch 
y  =  mass  density  of  arch 

These  constants  may  be  determined  by  means  of  the  Rayleigh-Ritz  method.  General 
expressions  for  them  in  terms  of  angle  of  opening,  radius,  and  radius  of  gyration  of 

the  section  are  available  in  the  literature  and  have  been  collected  in  a  sirtgle 
19 

source. 
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Lktng  the  appropriate  conitants,  the  computed  values  for  the  natural  period  of 
the  uncovered  arch  and  the  corresponding  experimentally  determined  values  are: 


Computed  Experimental 

(fnsec/cycle)  (msec/cycle) 


(extensional  mode)  35.8 

T2  (first  inextensioTKil  symmetrical  mode)  60.5 

(first  inextensionai  antisymmetrical  mode)  223 


62.5 

187 


The  preceding  experimental  values  were  determined  with  no  endwalls  in  the 
arch.  When  the  endwalls  were  installed,  attempts  at  determining  the  first  symmet- 
rical  mode  resulted  in  an  oscillation  with  a  period  of  11  milliseconds.  Similar 
attempts  at  determining  the  first  antisymmetrical  mode  also  resulted  in  a  period  of 
11  milliseconds.  The  measured  period  was  probably  that  of  the  second  inextensiorvil 
symmetrical  mode.  From  these  measurements,  one  would  conclude  that  the  endwalls 
hove  a  very  marked  effect  on  which  modes  of  response  are  excited. 

The  rtatural  period  will  also  be  markedly  affected  by  the  earth  cover  and  any 
subsequent  surface  loading.  The  earth  cover  has  two  opposite  effects:  (1)  the  added 
mass  tends  to  increase  the  period  of  the  various  modes,  and  (2)  the  stiffness  of  the 
soil  acting  with  the  structure  terds  to  decrease  these  same  periods.  Additional 
surcharge  loading  such  as  from  a  blast  is  expected  to  produce  a  similar  stiffening 
and  reduction  in  period,  as  has  been  predicted  in  theoretical  studies. 

Vibration  tests  on  the  covered  arch  resulted  in  a  period  of  29  milliseconds. 

This  was  the  first  inextensionai  symmetrical  mode.  Gxnparing  the  29-millisecond 
period  of  the  covered  arch  with  the  corresponding  62.5-millisecond  period  of  the 
uncovered  arch  confirms  the  theoretical  prediction  that  the  stiffening  effect  of  the 
soil  is  more  influential  on  the  period  than  the  added  mass. 

Dead-Load  Tests 

Strains  induced  in  the  structure  during  backfilling  were  so  small  that  they  are 
of  little  value;  many  of  them  were  within  the  error  band  of  strain  readings.  They  do 
serve  to  show  that  the  moments  and  thrusts  from  the  dead  load  will  be  small  if  a 
proper  backfilling  procedure  is  followed. 


\ 
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Special  dead-load  tests  were  performed  on  the  sand-covered,  model  arch  in  a 
large  metal  box  for  the  express  purpose  of  defining  the  deflection  pattern  produced 
by  the  backfill.  Dial  deflection  gages  were  located  as  shown  in  Figure  12  and  were 
read  through  an  opening  in  the  end  of  the  box.  The  backfill  was  placed  in  the  same 
manner  as  for  the  tests  in  the  simulator.  The  resulting  deflection  pattern  is  shown  in 
Figure  13.  The  deflection  pattern  shows  clearly  that  thin  metal  arches  with  hinged 
springiines  and  tied  footings  are  no  longer  circular  when  backfilled.  This  fact  greatly 
influences  the  moments  in  the  arch,  as  will  be  obvious  from  subsequently  presented 
test  data.  The  observation  also  aids  in  explaining  the  buckling  behavior  of  metal 
arches  as  discussed  in  the  following  section. 

Static  Test 

The  data  from  static  test  30-15A  are  given  in  Tables  VI  and  VII  and  in  the 
plots  of  Figures  14  through  17.  As  previously  mentioned,  it  was  possible  to  obtain 
static  loads  of  only  4  psi  because  of  failure  of  the  plastic  bag  used  to  contain  the 
pressure.  The  uniform  pressure  applied  to  the  soil  surface  through  the  bag  induced 
pressures  on  the  arch  as  indicated  in  Figure  14.  At  3  psi  the  pressure  at  the  crown 
was  more  than  twice  the  value  in  the  vicinity  of  the  springline.  The  curve  at  4  psi 
is  not  given  because  the  oscillogram  with  the  pressure  traces  was  accidentally 
destroyed  during  developing. 


Table  VI.  Arch  Defiections^Due  to  Static  Loading  —  3D-15A 


Load 

(psi) 

Deflection  1, 
South  Footing 
(in.) 

Deflection  2, 
Crown 
(in.) 

Deflection  3, 
North  Footing 
(in.) 

Deflection  4, 
9=8® 

(in.) 

1 

0.0059 

0.0097 

0.0062 

0.0020 

D 

0.0117 

0.0322 

0.0124 

0.0054 

B 

0.0235 

0.0548 

0.0248 

0.0060 

B 

0.0294 

0.0773 

0.0310 

0.0080 

fl/Downward  body  deflections  and  inward  arch  deflections  are  taken  as 
positive. 
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% 

II 

A 

Thrust 

(lb) 

-11.70 

-2.47 

-6.81 

-9.67 

Moment 

(in.-lb) 

40.0041 

-0.204 

-0.292 

-0.370 

8 

n 

II 

« 

Thrust 

(lb) 

-8.48 

-21.90 

-36.70 

-49.40 

Moment 

(in.-lb) 

40.0901 

40.186 

40.270 

40.372 

8 

II 

<x> 

Thrust 

(lb) 

-4.90 

-16.85 

-29.50 

-42.20 

Moment 

(in.-lb) 

40.0504 

40.0668 

40.0552 

40.0435 

II 

<D 

fE^- 

-3.58 

-13.50 

-25.50 

-37.40 

Moment 

(in.-lb) 

40.954 

40.219 

40.293 

40.332 

F>. 

% 

II 

<r> 

Thrust 

(lb) 

-0.14 

-8.39 

-25.95 

-36.60 

Moment 

(in.-lb) 

40.364 

40.931 

41.46 

41.97 

Over¬ 

pressure 

(psi) 

—  CN  CO 
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Not*;  All  dofloctieni  or*  obtoluto  with  th* 
oxcoption  of  dofloction  11,  which  ii 
with  rotpoct  to  th*  motol  box.  Strain 
gogo*  wor*  potitionod  th*  *am*  a*  in 
th*  S*rl*s  II  t*tt*.  In  oddition,  itroin 
gag**  11  and  12  w*ra  plaead  at  tha 
12.3°  point  on  th*  right-hand  tid*  of 
th*  arch. 


Figure  12.  Ames  deflection  dial  locations  —  Dead-load  test. 
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Figure  13.  Arch  deflection  due  to  deod  lood. 
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Figure  14.  Interface  pressure  distribution  for  static  loading  —  3D-15A. 
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Figure  15.  Arch  deflections  due  to  static  loading  —  3D-15A. 
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Figure  16.  Thrust  due  to  static  loading  —  3D-15A. 
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Figure  17.  Moment  due  to  static  loading  —  3D<-15A. 


As  the  preuure  was  applied  to  the  surface,  the  arch  moved  downward  as  shown 
by  the  deflection  patterns.  Figure  15.  The  left  footing,  as  viewed  in  Figure  15, 
moved  downward  slightly  more  than  the  right  footing.  With  that  exception,  the 
deflections  were  symmetrical  with  respect  to  a  vertical  axis  through  the  crown  of 
the  arch. 

The  moments  induced  by  the  static  loading  are  shown  in  Figure  17.  These 
moments,  which  are  also  listed  in  Table  VI,  do  not  include  the  dead-load  moment. 

The  moment  distribution  shown  is  different  from  the  expected  distribution,  but 
careful  checks  on  the  instrumentation  and  data  reduction,  plus  a  similar  distribution 
in  two  separate  series  of  dynamic  tests  lends  credence  to  the  results.  Subsequent 
theoretical  study  indicates  that  the  moment  disrribution  in  thin  arches  is  very 
sensitive  to  the  initial  deformation  due  to  backfilling.  Evidently  positive  or  nega¬ 
tive  moments  are  possible  in  the  vicinity  of  the  springline.  The  moment  distribution 
could  have  been  influenced  to  some  extent  by  friction  in  the  piano  hinges  used  to 
obtain  a  pinned  base,  but  this  influence  was  probably  small.  (Hinges  were  brazed 
to  the  sheet  metal  of  the  arch  which  provided  added  stiffness  1/2  inch  up  from  the 
springline.  It  is  expected  that  some  moment-restraint  was  provided  by  the  hinges 
although  this  is  not  indicated  on  any  of  the  moment  diagrams. ) 

The  noted  shape  of  the  moment  curve  is  also  attributable  to  the  deformations 
which  occur  in  a  flexible  arch  with  footings  which  are  restrained  against  lateral 
motion.  Certainly  the  significance  of  the  occurrence  of  the  maximum  moment  at 
5  degrees  from  the  springline  is  exceedingly  important  in  design.  The  moment  there 
was  5  times  larger  than  any  other  moment  in  the  arch  and,  since  it  is  so  highly 
localized,  designing  and  fabricating  this  section  for  high  moment  would  be  a  rela¬ 
tively  simple  and  inexpensive  operation. 

Observing  that  the  moment  increases  from  a  small  value  at  the  springline  to  a 
maximum  at  5  degrees,  returns  to  a  small  value  at  the  10-degree  point,  and  remains 
small  to  the  20-degree  point  provides  a  clue  to  a  reasonable  method  of  predicting 
the  buckling  load  of  the  arch.  The  clue  is  further  evinced  by  the  buckling  in  the 
model  described  in  Appendix  C,  the  deflection  curve  of  Figure  13  from  the  dead¬ 
load  tests,  and  the  distribution  of  active-  and  passive-sense  pressures.  Figure  18. 

To  expatiate:  a  uniformly  loaded  "equivalent  arch"  is  assumed  with  an  included 
angle  af  20  degrees;  this  corresponds  to  buckling  in  the  fourth  inextensional  symmetrical 
mode.  The  static  buckling  load  is  found  from^l 


Per  = 


El 


n  2.  3 
(1  -  1/  )r 
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where  =  critical  buckling  load 
U  =  Poiiton's  ratio 

<y  =  one-half  af  the  included  angle  between  the  springlines 

For  the  arch  tested,  pc|.  =  27. 9  psi.  Assuming  as  discussed  later  in  the  report,  that 
35  percent  of  the  surface  load  would  be  carried  by  arching,  the  static  surface 
pressure  to  produce  buckling  is  estimated  as 


27.9 

1.00  -  0.35 


43  psi 


(3) 


The  distribution  of  thrust  induced  by  the  static  load  is  shown  in  Figure  16.  The 
accuracy  of  the  thrust  data  is  poor  at  low  loads  because  thrust  is  detennined  from  the 
numerical  difference  of  relatively  small  strains.  As  a  consequence,  the  thrust  curves 
of  Figure  16  are  of  questionable  accuracy  at  the  lower  loads  and  in  the  vicinity  of 
the  crown.  The  accuracy  of  the  data  is  discussed  furth'^r  in  the  section  on  deficiencies 
of  the  work.  Eventually  it  is  intended  to  compute  the  thrusts  and  moments  based  upon 
measured  interface  loading  far  comparison  with  the  experimental  values. 

The  thrust  distribution  in  Figure  16  is  different  from  what  was  expected,  but 
the  peak  thrusts  at  the  various  pressure  levels  are  close  to  the  values  determined  by 
assuming  a  radial  loading  of  magnitude  equal  to  the  average  interface  overpressure. 

The  values  of  thrust  at  the  5®  17'  point.  Table  VII,  were  used  to  compute  the  arching 
through  the  soil  as  described  later  in  the  report. 

Dynamic  Tests 

General.  Because  of  the  large  quantity  of  data  accumulated,  only  the  records 
for  tests  3D-6B  (a  long-duration  loading)  and  3D-6D  (a  short-duration  loading)  of 
Series  I  were  reduced  completely.  Pertinent  pressures  and  deflections  were  reduced, 
however,  for  other  tests  of  this  series.  The  data  is  presented  in  Tables  VIII  and  IX. 

All  of  the  records  for  the  Series  II  tests  were  reduced  and  the  data  are  summarized 
in  Tables  X,  XI,  and  XII.  Traces  of  pertinent  portions  of  typical  oscillograms  are 
included  as  Figures  E-1  through  E-5  in  Appendix  E.  With  few  exceptions  the 
boundary  and  free-field  pressure  results  were  not  intelligible  for  the  dynamic  tests 
and,  consequently,  the  results  of  these  records  are  not  tabulated. 

In  reducing  the  data,  zero  time  was  taken  as  the  time  at  which  the  pressure 
wave  impinged  upon  the  soil  surfoce. 
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Figure  18.  Distribution  of  active-  and  passive-sense  pressures  due  to  static  loading  —  3D-15A. 
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time  at  which  pressure  reaches  a  maximum  on  the  crown  of  the  arch. 
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(in.) 
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42 


43 


Surface  PreMure.  Preuure-time  curves  for  long-  and  short-duration  loads  are 
shown  in  Figures  19  and  20.  The  surface  pressures  were  oscillatory  during  the  first 
10  milliseconds  for  long-duration  loading  but  approximated  the  ideal  blast  pressure 
versus  time  curve  thereafter.  The  irregularities  in  the  initial  portion  of  the  traces 
were  undoubtedly  caused  by  reflections  from  the  wails  of  the  chamber  which  confined 
the  pressure. 

In  determining  the  peak  overpressure,  a  smooth  curve  was  drawn  through  the 
mean  of  the  perturbations  os  shown  by  the  dashed  line  in  Figure  19.  The  intersection 
of  the  mean  line  with  the  initial  rise  of  the  trace  was  taken  as  the  peak  pressure. 

This  procedure  is  justified  since  the  period  of  the  perturbations  was  short  in  compar¬ 
ison  with  the  lowest  natural  period  of  the  arch;  implying,  of  course,  that  the  arch 
will  not  sense  the  perturbations  but  only  their  mean  value.  Overpressures  1  and  2, 
(Figure  8),  gave  the  same  results  as  overpressure  3  except  for  expected  differences 
in  the  time  of  initial  movement  and  rise  time.  These  differences  were  directly 
attributable  to  the  respective  locations  of  the  gages,  and  to  unlike  perturbations 
during  the  first  5  to  10  milliseconds.  Because  of  the  marked  similarity,  only  the  data 
from  overpressure  3  is  given  for  the  Series  II  tests.  For  the  Series  I  tests  the  pressure¬ 
time  data  is  taken  from  gage  2  because  records  for  gage  3  were  not  obtained  due  to 
faulty  wiring. 

Control  of  the  peak  surface  pressure  was  not  as  good  as  is  generally  attainable 
in  the  simulator.  This  is  evident  on  comparison  of  the  programmed  pressures  in  the 
test  schedule.  Tables  III  and  IV,  and  the  measured  peak  pressures  from  Tables  VIII 
and  X.  Actual  peak  pressures  were  on  the  order  of  0.5  to  1  psi  higher  than  programmed. 
The  difficulty  in  maintaining  control  was  due  to  the  large  volume  of  the  chamber 
and  the  consequent  greater  influence  of  ambient  temperature,  and  to  the  small 
pressures  used.  (Normally  the  simulator  is  operated  in  the  range  of  35  to  185  psi 
rather  than  the  5  to  25  psi  generated  in  these  tests.)  Fortunately,  it  was  not  critical 
to  the  results  of  the  tests  that  the  precise  programmed  pressures  be  obtained. 

The  rise  time  and  the  effective  decay  time  of  the  surface  pressure,  given  in 
Tables  VIII  and  X,  were  reasonably  consistent  for  loadings  of  a  given  magnitude  and 
type.  The  rise  time  was  4  to  6  milliseconds  for  the  Series  I  tests  and  1  to  2  milliseconds 
for  the  Series  II  tests.  The  difference  in  indicated  rise  time  is  because  overpressure 
gage  2  was  used  in  the  Series  I  tests.  Actually,  the  rise  time  at  the  surface  above 
the  arch  was  probably  1  to  2  milliseconds  for  the  Series  I  tests  also. 

The  effective  decay  time  is  determined  from  the  intersection  of  the  base  line 
of  the  best  straight-line  fit  of  the  pressure-time  curve  between  the  initial  peak  and 
the  time  of  maximum  displacement  at  the  crown  of  the  arch.  Obviously,  the  effective 
decay  time  is  sensitive  to  small  variations  in  the  initial  shape  of  the  pressure-time 
trace  and,  therefore,  varies  through  quite  a  wide  range. 
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Figure  19.  Overpressure-time  curve  for  short-duration 
loading  —  3D-1  IB. 
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Figure  20.  Overpressure-time  curve  for  long-duration 
loading  —  3D-12A. 
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Soil-FI»ld  Pf«ture«  At  the  air  preuure  wave  impinged  on  the  surface/  a  stress 
wave  was  induced  in  the  toil  which  was  found  to  travel  at  an  average  velocity  of 
1300  feet  per  second.  Two  sets  of  gages  were  used  to  find  the  velocity,  both  of  which 
provided  the  same  results.  In  one  case,  overpressure  3  and  accelerometer  z  were 
used;  in  the  other,  toil  pressure  cell  h  and  toil  pressure  cell  I  were  employed.  The 
procedure,  of  course,  wot  to  divide  the  distance  between  a  pair  of  gages  by  the  time 
for  the  preuure  wove  to  travel  from  one  to  the  other. 

At  a  velocity  of  1300  feet  per  second,  the  streu  wave  requires  approximately 
11  milliseconds  to  travel  from  the  bottom  of  the  footings  to  the  bottom  of  the  pit 
and  back.  There  is  no  distinct  Indication  on  preuure  cell  f  or  other  gages  of  ^e 
appearance  of  the  reflected  wave.  Thus,  reflections  from  the  pit  boundaries  do  not 
appear  to  be  a  problem  in  conducting  small -structure  tests  in  the  simulator.  What 
happens  in  the  way  of  dispersion,  reflection,  and  decay  of  the  wave  is  not  known  at 
present;  however,  this  problem  is  being  studied  under  another  Laboratory  task. 

Traces  from  the  preuure  gages  in  the  plates  in  the  soil  field  were  completely 
unintelligible  and  gave  no  information  about  the  streu  wave  except  time  of  arrival. 
Typical  traces  are  included  in  the  oscillogram  of  Figure  E-1,  ^spendix  E,  in  the 
event  that  their  shape  may  eventually  reveal  something  of  significance. 

Interface  Preuure.  Measurement  of  soil  pressure  has  long  plagued  research 
workers  as  one  of  the  most  difficult  of  all  instrumentation  problems.  The  difficulties 
involved  have  been  discussed  by  many  investigators  (e.g..  Reference  22),  and  soil- 
preuure  cells  for  static  loads  have  been  developed  to  meet  special  needs.  To  date, 
no  universally  satisfactory  soil -structure  or  free-field  soil-preuure  gage  has  been 
mode  available,  particularly  for  dynamic  loading. 

Still,  in  performing  the  small -structure  studies,  measurements  of  interface 
preuure  were  needed.  It  was  decided,  therefore,  to  attempt  to  get  some  information 
using  fluid-preuure  gages  which  possessed  certain  of  the  features  desired  of  a  soil- 
preuure  gage;  namely,  the  CEC  4-312  cell.  The  writers  hod  no  illusions  about 
getting  soil*preuure  measurements  of  the  correct  magnitude  from  these  gages,  but 
it  was  hoped  that  the  gages  would  at  least  indicate  relative  magnitudes  of  soil 
preuures  at  the  various  gage  locations.  It  was  recognized  that  arching  of  the  soil 
might  be.  slightly  different  acrou  each  gage  due  to  load  and  soil  placement. 
Nevertheleu,  it  was  hoped  that  some  indication  of  preuure  distribution  around  the 
arch  could  be  obtained. 

The  results  of  the  preuure  measurements  were  disappointing  in  that  there  was 
obviously  a  different  amount  of  arching  acrou  each  gage  face  and  the  amount  of 
arching  acrou  a  given  gage  face  varied  from  one  test  setup  to  the  next.  The  interface 
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gages  did  serve  to  show  the  arrival  of  the  soil-stress  wave  at  a  given  location,  and 
within  a  given  test  series  (for  a  given  test  setup)  the  magnitude  of  the  pressure  read¬ 
ings  were  proportionately  consistent.  This  is  evident  from  observing  the  ratios  of 
peak  crown  preuure  to  peak  overpressure  for  vcnrious  groups  of  tests.  For  example, 
tests  6A,  6B,  and  6C,  which  were  all  long-duration  loadings  at  about  the  same 
preuure,  gave  an  average  ratio  of  0.733  with  a  variation  from  0.706  to  0.785. 

Similar  consistency  was  observable  for  other  corresporKling  groups,  with  a  few 
conspicuous  anomalies  such  as  test  6F. 

Corresponding  results  from  Series  II  gave  ratios  of  peak  crown  pressure  to  peak 
surface  overpreuure  of  about  one-half  that  of  the  Series  I  tests.  Evidently,  the 
preuure  which  is  sensed  by  these  gages  is  a  function  of  the  manner  in  which  the  sand 
is  placed  initially  over  the  face  of  the  gage.  From  a  fundamental  point  of  view, 
gages  which  operate  on  the  diaphragm  principle  probably  cannot  be  expected  to  give 
true  soil  preuures,  since  arching  will  always  develop  acrou  the  face  of  the  gage. 

Even  though  the  indicated  relative  magnitude  of  the  interfoce  preuure  readings 
cannot  be  guaranteed  to  be  the  same  from  one  gage  to  the  next,  it  is  interesting  to 
examine  the  distributions  measured.  The  interface  preuure  distribution  for  test  3D-6B 
is  shown  in  Figure  2l  at  times  of  3,  5,  7,  and  33  milliseconds  and  has  a  peak  magnitude 
at  the  crown  of  5.7  psi.  Corresponding  distributions  of  preuure  were  obtained  from 
other  loadirtgs.  A  similar  space-time.variation  of  preuure  also  was  obtained  from 
Operation  Plumbbob  Structure  3.1n,^''  which  was  a  reinforced  concrete  arch  buried 
with  5  feet  of  cover  over  the  crown. 

Pressure  distributions  for  other  of  the  Series  I  tests  and  for  the  Series  II  tests 
are  not  given  because  of  doubt  as  to  the  validity  of  the  pressure  measurements.  In 
general,  however,  the  curves  showed  consistency  of  form  for  corresponding  load  groups. 
An  abrupt  change  in  the  distribution  occurred  between  tests  13B  and  13C;  that  is, 
between  a  load  of  14.8-psi  and  22.5-psi  surface  preuure.  The  reasons  for  this 
disturbance  are  not  yet  known. 

Indications  are  that  the  peak  load  on  the  crown  is  greater  for  short-duration 
loads  than  for  long-duration  loads.  This  may  be  seen  by  comparing  the  ratios  of  the 
preuure  on  the  crown  to  the  pressure  at  the  surface  from  tests  1  IB  and  12A  or  from 
6D  and  6E  with  6A,  6B,  oikI  6C  in  Tables  VIII  and  X.  Pressures  from  tests  7B  and  7D 
do  not  confirm  these  results;  however,  as  will  be  shown,  the  moments  do. 

The  shape  of  the  preuure-time  traces  at  various  locations  orourKl  the  arch  may 
be  observed  from  the  oscillograms.  Figures  E-l  and  E-2  in  Appertdix  E.  The  relative 
shapes  from  one  gage  to  another  should  be  indicative  of  the  interaction  influences  at 
these  locations.  However,  experience  with  soil -preuure  gages  tested  at  the  U.  S. 

Army  Ballistics  Research  Laboratory  has  shown  that  the  shape  of  the  unloading  curve  is 
a  function  of  the  stiffneu  of  the  pressure^easuring  gage,  therefore  not  too  much  faith 
can  be  placed  even  in  these  indications. 
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21.  Interfoce  pressure 


Though  the  magnitudes  of  the  pressure  readings  ore  not  reliable,  the  stiffness 
of  the  Type  4-1 13  gages  is  sufficient  that  the  times  should  be  correct.  If  so,  why  did 
it  takes  6  milliseconds  for  the  pressure  on  the  crown  to  reach  a  maximum  when  the 
rise  time  of  the  pressure  on  the  surface  was  only  1  to  2  milliseconds?  Theoretically, 
the  rise  time  should  have  been  much  less.  Is  the  rise  time  a  function  of  the  stiffness 
of  the  gage  or  is  the  rise  time  actually  6  milliseconds?  These  questions  cannot  be 
answered  as  yet,  and  thus  are  dedicated  to  future  studies. 

Deflections.  The  behavior  of  the  arch  is  most  conveniently  described  by  the 
deflection  curves.  Deflection  patterns  at  various  times  for  tests  3D-6B  and  3D-6D 
are  presented  in  Figures  22  and  23.  Deflection  patterns  for  the  Series  II  tests  are 
shown  in  Figures  24  through  26.  The  time  variations  of  deflections  at  various  points 
on  the  arch  may  be  seen  in  the  composite  plot  of  Figure  27.  Finally,  peak  loads 
versus  peak  deflections  of  the  footing  and  crown  from  the  Series  I  and  Series  II  tests 
are  plotted  in  Figures  28  and  29. 

These  deflection  curves  reveal  that  the  fundamental  action  is  a  downward  body 
motion  of  the  entire  structure  into  the  soil  upon  which  is  superimposed  the  extensional 
and  inextensional  symmetrical  mode  deflections  of  the  arch.  From  the  deflection 
curves  of  test  3D-12B,  Figure  27,  whereon  the  free-field  soil  deflection  at  the  eleva¬ 
tion  of  the  footing  is  plotted,  it  is  seen  that  the  crown  commences  to  move  downward, 
followed  shortly  by  the  footings.  About  2  milliseconds  later  the  streu  wave  in  the 
soil  reaches  the  elevation  of  the  footings.  As  the  crown  moves  downward,  the  8-degree 
points  on  the  sides  move  outward  slightly  and  then  move  inward  after  the  peak  deflection 
of  the  crown  has  been  reached.  A  similar  action  occurs  ot  the  25-degree  points,  as  is 
readily  observed  from  the  oscillogram  traces  of  deflections  4  and  5  in  Figures  E-1  and 
E-2,  Appendix  E.  A  portion  of  the  inward  deflection  is  probably  due  to  axial  com¬ 
pression  which  results  in  radial  deflections  of  the  order  of  0.0015  inch  for  a  hydrostatic 
pressure  of  10  psi.  Tests  at  higher  loadings  did  not  produce  precisely  the  same  results. 
For  example,  in  contrast  to  test  3D-12B,  the  deflection  at  the  8-degree  point  for  test 
3D-13A  was  initially  outward  to  a  magnitude  5  times  that  for  3D-12B,  after  which  the 
deflection  reduced  rapidly  to  a  small  outward  value.  The  sides  did  not  move  inward 
as  for  3D-12B. 

Peak  deflection,  as  evidenced  by  the  curves  of  Figures  28  and  29,  is  very  much 
a  function  of  soil  density.  The  absolute  peak  crown  deflections  at  the  higher  loads 
were  much  greater  for  the  Series  II  tests  thon  for  the  Series  I  tests.  Curiously,  the 
footings  of  the  Series  I  tests  acted  os  though  they  were  beoring  on  an  elastic  solid, 
while  those  of  the  Series  II  tests  behaved  as  though  they  were  supported  on  vlsco- 
inelastic  material.  The  difference  probably  was  due  to  the  difference  in  the  density 
of  the  sand  in  the  two  series  of  tests  and  illustrates  the  relatively  large  difference  in 
behavior  which  can  result  from  relatively  small  differences  in  soil  properties. 
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Figure  22.  Peak  arch  deflections  due  to  long-duration  loading  —  3D-6B. 


Figure  23.  Peak  arch  deflections  due  to  dynamic  loading  —  3D-6D. 
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Figure  24.  Peak  arch  deflections  due  to  dynamic  loading 
3D-nA,  3D-11B. 


Figure  25.  Peak  arch  deflections  due  to  dynamic  loading  — 
3D-12A,  3D-12B,  3D-13A. 
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Figure  26.  Peak  arch  deflections  due  to  dynamic  loading  -- 
3D-13B,  3D-13C,  3D-MA. 
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Figure  27.  Arch  arid  soil  deflections  vs  time  —  3D-12B. 


Figure  28.  Peak  deflections  for  long-duration  loading  —  Series  I. 


Figure  29.  Peak  deflections  for  lortg-duration  loading  Series  II. 
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Two  further  points  of  interest  in  regard  to  deflections  experienced  in  the  tests 
ore:  (i)  that  the  deflection  from  the  first  loading  was  considerably  greater  than  in 
subsequent  tests,  and  (2)  that  with  each  successive  loading  at  a  given  level,  the  peak 
deflectian  was  less  than  at  Hie  preceding  loading.  The  first  point  is  illustrated  by 
tests  3D-6A  and  3D-6B  and  tests  3D-*i  1 A  and  3D-i  1 B.  Both  sets  were  loaded  at  about 
6  psi,  yet,  in  each  case,  the  deflection  from  the  first  loading  was  60  to  75  percent 
greater  than  the  corresponding  deflection  from  the  second  loading.  The  second  point 
is  illustrated  by  tests  3D-‘7A,  3D-7B,  and  3D-7C,  and  tests  3D-11B  and  3D-*i2A.  For 
these  groups,  the  peak  deflection  decreased  on  the  order  of  10  to  25  percent  per 
additional  loading  for  the  load  range  of  6  to  1 1  psi. 

In  an  inelastic  material  irreversible  strains  such  as  those  encountered  in  the 
long-duration  tests  are  expected.  From  Figure  30,  the  peak  footing  deflections  are 
compared  with  the  deflection  of  plates  5  and  6  in  the  free  field.  It  is  seen  that  the 
peak  deflection  of  the  footing  and  plates  varied  approximately  linearly  with  load, 
and  that  the  peak  footing  deflections  are  2-1/2  times  the  peak  deflection  of  plate  5, 
which  was  in  the  free  field  at  the  same  elevation  as  the  footings.  A  plot  of  the 
relative  displacement  between  the  footing  and  the  soil  free  field  for  the  Series  II 
tests  and  the  static  test  is  shown  in  Figure  31. 


Figure  30.  Peak  deflections  for  long-duration  loading  —  Series  III. 
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Figure  31.  Relative  footing  displacement  vs  overpressure  for  static 
and  long-duration  dynamic  loading  -*  Series  II. 
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Some  eloitk  recovery  does  occur,  os  is  seen  from  the  plot  of  Figure  32.  At  the 
eievotion  of  the  footings,  the  elostic  recovery  of  the  soil  in  the  free  field  was  about 
30  percent  at  the  higher  loods,  but  was  leu  than  15  percent  for  the  footings  themselves. 

The  maximum  deflection  of  the  surface  of  the  sand  was  not  measured  but  was 
computed,  by  relating  the  deflections  from  deflection  gages  5  and  6  bock  to  the 
surface,  with  the  following  formula: 


where  d  =  deflection  at  surface,  inches 
se 

d^^  =  deflection  at  some  point  below  the  surface,  inches 
p^  =  overpreuure,  psi 
=  seismic  velocity,  fps 
y  =  depth  below  surface,  inches 
The  results  of  the  calculations  are  shown  in  Figures  33  and  34. 

Among  items  yet  to  be  studied  ore  the  influences  of  footing  size  and  shape, 
load  magnitude,  and  depth  of  burial  on  the  behavior  of  dynamically  loaded  footings. 

Moments  ond  Thrusts.  Moments,  M,  and  thrusts,  N,  in  the  arch  were  computed 
from  the  relations 

(5) 

N=f<'o"'b> 


where  e  =  unit  strain  on  the  extrodos  at  6  =  6 
a  a 

(,  =  unit  strain  on  the  introdos  at  6  =  6 
b  a 
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A  =  area  of  longItudirKil  section  of  arch 
S  =  section  modulus  of  longitudinal  section  of  arch 

The  accuracy  of  the  thrust  and  moment  depends  upon  the  accuracy  with  which 
the  strains  are  determinable  and  on  the  relative  signs  of  the  strains  on  the  extrados 
and  introdos  at  a  given  location  on  the  arch.  The  magnitude  of  the  peak  strains  for 
the  Series  II  tests  are  given  in  Table  XII/  from  which  it  is  readily  obUrved  that  the 
majority  of  the  strains  were  ten  than  200  microinches  per  inch.  Strains  ore  deter¬ 
minable  within  5  to  10  microinches  per  inch,  a  maximum  error  of  about  5  percent. 

Values  of  moment  are  determined  by  the  algebraic  subtraction  of  strains  of 
opposite  sign  and,  therefore,  will  have  on  accuracy  comparable  to  that  of  the  strain 
measurements.  Thrusts,  however,  are  determined  by  the  algebraic  addition  of  strains 
of  opposite  sign  (a  numerical  subtraction)  and,  therefore,  would  be  expected  to 
contain  a  large  error  when  the  stroins  are  of  nearly  the  some  magnitude.  To  summarize, 
the  accuracy  of  the  moments  is  generally  good  while  the  accuracy  of  the  thrusts  is 
often  poor.  This  should  be  kept  in  mind  when  studying  the  tables  arxl  curves  presented. 

Moment  and  thrust  distributions  in  the  dynamic  tests  were  not  appreciably 
different  from  those  in  the  static  tests.  Distributions  at  various  times  are  shown  in 
Figures  35  arxl  36  for  test  3D-12B.  Moment  and  thrust  distributions  at  or  near  the  time 
of  maximum  moment  are  given  in  Figures  37  through  50  for  other  Series  II  tests.  The 
shape  of  the  distributions  is  essentially  the  some  for  all  of  the  tests.  There  was  a 
wider  variation  in  the  distribution  of  thrusts  than  of  moments  for  the  reasons  mentioned 
previously.  For  practical  purposes,  the  thrust  distribution  was  uniform,  although  there 
appears  to  be  a  tendency  fm-  greater  thrusts  below  the  haunch  than  near  the  crown. 

A  plot  of  the  peak  moments  versus  surface  overpressure.  Figure  51,  shows  that 
the  maximum  moment  varies  roughly  linearly  with  overpreuure  for  the  range  of  load¬ 
ing  encompassed  by  the  tests.  Maximum  moments  for  short-duration  loads  tend  to  be 
greater  than  for  long-duration  loads.  The  reason  for  this  is  probably  that  the  soil 
under  the  footings  does  not  deform  plastically  under  short-duration  loads  os  it  does 
for  long-duration  loads,  and  consequently  a  greater  portion  of  the  load  is  transmitted 
to  the  effectively  stiffer  structure,  inducing  larger  moments. 

The  variation  of  moment  with  time  at  various  locations  around  the  arch  is 
displayed  in  Figure  52.  In  the  vicinity  of  the  haunch  the  moments  are  small;  they 
reach  their  pecA  value  in  a  few  milliseconds  and  retain  it  until  the  load  reduces 
appreciably.  The  moment  at  the  crown  behaves  similarly  except  that  its  magnitude 
is  larger  than  those  near  the  haunch.  At  the  5^17*  point,  by  contrast,  the  moment 
peoks  at  almost  twice  its  quasi-static  value  in  about  8  milliseconds  then  gradually 
decreases  to  a  quasi-static  value  which  subsequently  decreases  gradually  os  the  load 
diminishes.  The  residual  moment  distribution  about  3  seconds  after  removal  of  the 
load  is  shown  in  Figure  52. 
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Figure  33.  Compul'ed  deflection  of  sand  surface  for 
long-duration  loading  —  Series  IL 


Figure  34.  Computed  deflection  of  sand  surface  for 
static  loading  —  3D-15A. 
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Figure  35,  Moment  diogram  “  3D“12B, 
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Figure  36,  Thrust  diagram  —  3D-12B. 
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Figure  37.  Moment'  diagram  —  3D-1  lA, 
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Figure  38.  Thrust  diagram  —  3D-1 1A. 
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Figure  40.  Thrust  diagram  —  3D-1  IB. 
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Figure  43,  Moment  diogrom  —  SD-ISA, 
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Figure  44,  Thrust  diagram  —  SD-ISA, 


Figure  45.  Moment  diagram  —  3D-13B. 
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Figure  46.  Thrust  diagram  —  3D-13B. 


Figure  47.  Moment  diagram  3D-13C. 
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Figure  48.  Thrust  diagram  —  3D-13C. 
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Figure  49.  Moment  diagram  —  3D-14A. 
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Figure  52.  Moment  vs  time  —  3D-12B, 


Corresponding  typical  thrust-time  curves  are  shown  in  Figure  53.  The  maximum 
value  occurred  at  the  gage  station  closest  to  the  springing  and,  as  did  the  moment, 
peaked  in  about  7  to  8  milliseconds.  As  with  the  moments,  the  peak  thrusts  were 
about  twice  their  quasi-static  values,  which  indicates  that  dynamic  loading  amplifies 
thrusts  and  moments  to  about  twice  the  values  they  would  have  under  a  static  load 
of  the  same  magnitude.  In  addition  to  this  very  useful  information,  a  knowledge  of 
moments  and  thrusts  is  exceedirtgly  helpful  in  understanding  the  behavior  of  the 
structure  and  in  studying  the  phenomenon  of  soil -arching. 

Arching.  The  term  arching  is  used  here  to  mean  that  portion  of  the  surface  load 
which  is  rwt  transmitted  through  the  structure.  If  the  arch  and  the  soil  immediately 
above  it  are  removed  from  the  soil  field,  as  shown  in  Figure  54,  the  arching  is  seen 
to  be  2F.  That  is,  from  a  verticol  equilibrium  for  the  static  case,  arching  is  the 
difference  between  the  total  load  on  the  surface  and  the  sum  of  the  reactions,  R. 

A  first  approximation  for  arching  over  flexible  structures  subjected  to  static 
loading  can  be  obtained  by  writing  an  equation  for  the  vertical  equilibrium  of  a  free 
body  consisting  of  an  arch  and  the  soil  immediately  above  it  as  shown  in  Figure  54. 

From  a  vertical  equilibrium  of  the  footing,  the  thrust,  N,  at  the  springline  approximately 
equals  the  reaction,  R,  thus: 


R  =  pr  - 


(7) 


where  p 

H 

s 

or  with  fji 


-  surface  overpressure 
=  coefficient  of  friction 

=  normal  force  on  vertical  section  of  soil  through  the  footings 

=  tanc3  and  H  =  K  p  (r  +  d  ): 

^  s  o*^  o 


_R. 

Pr 


+ 


tanw 


(8) 


where  K 

o 

d 

o 


coefficient  of  earth  pressure  at  rest 
depth  of  soil  cover  over  crown  of  arch 
angle  of  friction  of  soil 
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Figure  53.  Thrust  vs  time  —  3D-12B, 


Figure  54.  Free  bod/  showing  arching  forces. 


The  last  term  in  Equation  8  is  the  portion  of  the  load  carried  by  arching. 


’’a.ch  ‘  ('  *  f)  <’> 


In  the  above  relations,  the  coefficient  of  earth  pressure  at  rest  is  used  since  a  pure 
shear  along  a  vertical  plane  is  assumed.  The  coefficient  of  earth  pressure  at  rest  is 
given  by  the  relation 

K  55  1  -  sincj  (10) 

o 


A  plot  of  Equation  9  is  given  in  Figure  55.  It  indicates  that  100  percent 
arching  is  not  achieved  until  the  depth  of  cover  equals  about  2-1/2  times  the  radius 
of  the  arch.  For  shallow-buried  structures  with  d^y/r  ratios  between  zero  and  one, 
the  amount  of  static  load  carried  by  arching  is  predicted  to  be  from  25  to  60  percent. 
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Taking  the  thrust  at  th«  springline  equal  to  the  reaction,  R,  the  arching  can 
be  computed  from  the  experimental  results.  A  plot  of  arching  versus  overpreuure  is 
given  in  Figure  56,  where  the  orching  is  expressed  os  a  percentage  of  the  total  surface 
load.  A  dashed  line  is  drawn  Htrough  the  leftmost  data  point  because  the  expected 
accuracy  of  this  point  is  poor.  (Arching  is  determined  by  use  of  thrusts  for  which  the 
potential  error  is  large  at  low  loods.)  The  results  shown  in  Figure  56  indicate  that  at 
low  surface  pressures  most  of  the  load  is  transmitted  through  the  soil  around  the  arch, 
but  that  os  the  surface  load  increases,  the  proportion  of  load  carried  by  arching  de¬ 
creases.  It  finally  reaches  a  limiting  value  of  about  38  percent  and,  accordirtg  to 
Equation  9,  thereafter  remains  constant.  Equation  9,  of  course,  does  not  agree  with 
Figure  56  for  loads  less  than  3  psi  where  the  shear  stress  is  not  developed  over  the 
distance  d^  +  r. 

The  previous  loadings  on  the  arch  probably  would  not  appreciably  affect  the 
results  except  for  the  very  low  preuure  region;  here  the  effects  of  the  hysteresis 
developed  on  prior  unloading  would  be  overcome. 

Further  tests  will  be  needed  to  extend  the  arching  curves  to  higher  loads,  to 
study  the  effect  of  depth  of  cover,  and  to  investigate  the  influence  of  soil  density  on 
the  amount  of  load  carried  through  the  soil.  Because  of  the  intriguing  alteration  in 
arching  which  occurs  under  dynamic  loading,  however,  such  investigations  may  have 
limited  practical  value  for  blast  design. 

For  dynamic  loading,  archir>g  varies  dramatically  with  time  as  indicated  in 
Figure  57.  Data  for  this  figure  were  determined  by  assuming  that  the  effective  accel¬ 
eration  of  the  mass  of  soil  directly  above  the  arch  is  two-thirds  of  the  acceleration 
at  the  crown.  This  assumption  is  based  on  the  reasoning  that  there  is  less  resistance 
to  displacement  of  the  soil  over  the  crown  than  to  the  soil  directly  over  the  footings. 
The  inertia  force,  equal  to  the  effective  acceleration  times  the  mass  of  soil  above 
the  arch,  was  included  in  the  vertical  equilibrium  of  Equation  8  to  compute  the 
arching.  During  approximately  the  first  6  milliseconds,  the  inertia  force  acts  to 
oppose  the  applied  load;  thereafter,  it  acts  as  an  additional  load  on  the  structure. 

The  corresponding  arching  curve  to  Figure  57  for  test  3D-12B  had  the  same 
general  shape  but  gave  a  negative  arrhing  in  the  vicinity  of  20  milliseconds.  This 
implies  that  there  was  more  load  on  the  arch  than  on  the  surface  directly  above  the 
arch;  logically,  this  would  only  be  expected  for  a  very  stiff  structure. 

The  fundamental  message  from  the  arching  study  is  that  for  dynamic  iooding 
essentially  the  entire  surface  load  acts  on  the  structure  for  at  least  a  short  period  of 
time,  while  for  static  loading  the  load  which  acts  on  the  structure  is  reduced  25  per¬ 
cent  or  more  by  arching.  In  blast  loading,  the  inertia  load  produced  by  the  soil 
offsets  the  resistance  from  arching. 
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Figure  56.  Arching  vs  overpressure  for  static 
loading  -  3D-15A. 
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Figure  57.  Arching  vs  time  for  long-duration 
loading  —  3D-13A. 
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igure  58.  Change  in  pressure  at  interface  due  to  arch 
movement  —  Series  II. 
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Interface  Pressure  Chonge.  From  a  study  of  the  data  some  idea  has  been  obtained 
about  the  change  in  pressure  at  different  points  of  the  soil-structure  interface  produced 
by  movement  of  the  structure.  A  plot  of  this  change  versus  surface  overpressure  is 
siwwn  in  Figure  58  at  the  time  the  deflection  at  the  sides  (8-degree  points)  of  the 
arch  was  a  maximum;  that  is,  at  about  17  milliseconds.  By  change  in  pressure  is 
meant  the  change  in  pressure  from  that  which  would  exist  at  that  point  in  the  soil 
free  field  if  the  arch  did  not  move.  The  plot  of  Figure  58  shows,  in  effect,  that 
as  the  overpressure  increases,  increasing  relief  of  interface  pressure  occurs  at  the 
20-degree  point  due  to  movement  of  the  arch.  At  22.5  psi  approximately  a  50-percent 
decrease  in  pressure  results  by  virtue  of  the  body  motion  of  the  arch  into  the  soil .  At 
the  3-degree  point,  outward  movement  produces  an  increase  in  pressure  of  about  27 
percent  over  what  would  occur  at  a  corresponding  point  in  the  undisturbed  soil  at 
12  psi,  but  at  22.5  psi  there  is  a  reduction  of  about  1 1  percent. 

The  data  for  Figure  58  were  determined  by  calculating  the  pressure  at  a  given 
point  based  upon  the  assumptions  that  the  attenuation  of  pressure  with  depth  is 
negligible  and  that  the  coefficient  of  lateral  earth  pressure  is  constant  for  all  depths 
and  pressures.  Based  upon  these  assumptions,  the  vertical  component  of  pressure  at  a 
point  equals  the  surface  overpressure  and  the  horizontal  component  is  the  coefficient 
of  lateral  earth  pressure  times  the  vertical  component.  With  the  vertical  and  hori¬ 
zontal  components  known,  the  pressure  normal  to  the  surface  of  the  arch  is  readily 
calculated.  Subtracting  the  measured  incident  pressure  determined  in  the  experiments 
from  the  calculated  normal  pressure  gives  the  change  in  pressure  attributable  to  the 
presence  of  the  arch.  Dependence  of  the  measured  pressure  upon  the  soil  placement 
made  it  necessary  to  do  a  little  manipulation  of  figures  to  get  the  incident  pressure. 

The  procedure  used  was  to  apply  a  correction  factor  to  the  measured  pressure  to 
account  for  the  arching  of  soil  across  the  gages.  The  correction  factor  was  arrived 
at  by  determining  the  unit  radial  pressure  needed  to  produce  the  measured  thrust  at 
a  point  in  time  in  the  pseudo-static  state.  The  correction  factor  was  taken  as  the 
ratio  of  the  unit  pressure  so  determined  to  the  actual  measured  pressure  at  that  time. 

The  ratio  was  found  to  be  quite  consistent  at  1 .75  for  the  Series  11  tests.  The  quan¬ 
titative  accuracy  of  Figure  58  is  dependent  upon  the  validity  of  the  assumptions 
used  in  the  described  procedure. 

Figure  59  shows  a  plot  of  the  change  in  interface  pressure  with  time  at  a  point 
three  degrees  from  the  springline.  Strangely  enough,  the  change  in  interface  pressure 
does  not  correspond  to  the  deflection  of  the  arch  until  a  time  of  about  15  milliseconds. 
The  reason  for  this  behavior  is  not  understood;  however,  the  peak  at  6  milliseconds 
might  be  due  to  refraction  of  the  stress  wave  at  the  interface.  Confirmation  of  this 
possibility  awaits  development  of  satisfactory  soil-pressure  gages. 
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Figure  59.  Change  in  pressure  at  interface  due  to  arch 
movement  —  3D-13A. 
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From  the  test  data  is  it  possible  to  estimate  the  regions  around  the  arch  in 
which  preuures  are  developed  in  the  active  sense  and  the  passive  sense.  To  do  this 
it  is  necessary  to  assume  tlrat  the  pressure  attenuation  with  depth  is  negligible.  With 
this  assumption,  the  vertical  and  horizontal  components  of  pressure  at  any  point 
around  the  arch  are  p  and  Kgp  respectively.  The  computed  sum  of  the  projections 
of  these  components  on  the  normal  to  the  surface  of  the  arch  represents  the  pressure 
which  would  exist  if  the  arch  had  the  same  compliance  os  the  soil  mass.  The  difference 
between  the  computed  normal  force  at  any  point  and  the  actual  pressure  measured  at 
that  point  represents  the  loss  or  gain  in  pressure  at  the  interface  due  to  movement  of 
the  arch. 

The  results  of  calculations  following  the  outlined  procedure  are  presented  in 
the  plots  in  Figure  18.  In  the  calculations,  the  value  of  Kq  used  was  determined  as 
the  ratio  of  the  readings  of  pressure  cell  p  and  pressure  cell  n.  Figure  18  shows 
clearly  that  passive-serue  pressures  are  developed  in  the  region  from  0  to  20  degrees 
on  the  arch  and  that  active-sense  pressures  are  developed  elsewhere  in  the  vicinity 
of  the  extrados. 

Comparison  of  Laboratory  and  Field  Tests 

A  comparison  can  be  made  between  the  behavior  of  the  Operation  Plumbbob  3.3 
structures  (25-foot  span  corrugated  metal  arches)  and  the  small  structures  tested  in 
the  simulator  if  it  is  assumed  that  linear  relationships  exist  among  the  parameters 
and  that  the  deflection  of  the  floor  slab  in  the  3.3  structures  was  negligible  compared 
to  the  deflection  of  the  footirrgs.  The  latter  assumption  is  corroborated  by  all  avail¬ 
able  evidence.  Only  the  magnitude  of  deflections  can  be  compared,  however,  since 
no  other  data  was  obtained  in  the  field  tests. 

Other  differences  between  the  small  arches  and  the  prototype  are  considered 
to  be  negligible.  Among  the  main  features  peculiar  to  the  prototype  are  the  slack 
between  the  bolted  multiplate,  the  endwall  strengtheners,  and  the  fixity  conditions. 
These  factors  might  effect  the  response  of  the  arch  shell,  but  it  is  difficult  to  con¬ 
ceive  of  them  affecting  the  body  motions.  Thus,  in  o  comparison  where  the  gross 
motions  are  of  interest,  the  differences  in  the  properties  of  the  soil  are  of  dominant 
concern. 

Comparison  of  the  small -structure  deflections  with  those  of  the  field  arches 
is  complicated  by  the  different  soils  involved. 
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The  Project  3.3  structures  of  Operation  Plumbbob  were  tested  in  the  Frenchman 
Flat  area  of  the  Nevada  Test  Site  (NTS).  Frenchman  Flat  is  a  dry  lake  bed  of  clayey 
silt.  The  natural  soil  at  the  site  was  considered  unsatisfactory  as  backfill  for  the 
Project  3.3  experiments.  Therefore  a  gravelly,  silty  sand  was  imported  from  borrow 
pits.  This  material  was  used  to  surround  and  cover  the  structures  of  Project  3.3. 
Indigenous  soil  was  employed  as  the  foundation  material. 


Soils  investigations  and  soil  field  control  for  Project  3.3  and  certain  other 
projects  of  Operation  Plumbbob  were  performed  by  the  Waterways  Experiment  Station 
(WES),  Corps  of  Engineers,  U.  S.  Army.  WES  conducted  classification  and  physical 
tests  on  the  natural  soil  at  the  site  and  on  the  imported  backfill  soil.  Resulh  of  these 
tests  are  reported  in  Reference  30.  Certain  of  the  values  for  the  backfill  material 
are  listed  below: 

1.  Average  compacted  dry  density,  113.9  pcf 

2.  Average  moisture  content  of  compacted  backfill,  8.6% 

3.  Modulus  of  deformation  of  consolidation  specimen,  28,000  psi  (average 
dry  density,  117.2  pcf;  overage  moisture  content,  9.8%;  applied  stress, 

50  psi) 

4.  Modulus  of  compression  of  triaxial  test  specimen,  10,000  psi  (dry 
density,  113.7  pcf;  moisture  content,  10.2%) 


The  natural  soil  at  the  test  site  was  classified  by  WES  as  sandy,  clayey  silt 
(CL-ML)  to  a  depth  of  2.5  feet,  and  as  clayey  silt  (CL-ML)  below  2.5  feet.  Footings 
of  the  Project  3.3  structures  were  placed  upon  this  undisturbed  natural  soil.  The  soil 
had  the  following  properties: 

1.  Natural  dry  density,  90.0  to  93.2  pcf 

2.  Natural  moisture  content,  11.2%  to  10.8% 


3.  Modulus  of  deformation  of  undisturbed  sample,  6500  psi  (at  both 
50-psi  and  100-psi  applied  loads) 


4.  Subgrade  modulus  from  12-inch~square  plate-bearing  tests  at  a 
density  of  79  pcf,  1850  Ib/in.^  (Information  provided  by  WES.) 
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The  suggested  comparison  con  be  effected  by  scaling  up  the  deflections  of  the 
small  structure  tested  in  the  simulator  where  this  structure  is  considered  as  a  model 
of  the  Structure  3.3b  prototype.  To  do  this  it  is  necessary  to  employ  the  scaling 
relations  of  Appendix  B  and  to  assume  linear  relationships  among  the  parameters 
involved.  The  model  analysis  requires  that  if  the  same  materials  are  employed  in 
the  model  and  the  prototype,  the  load  must  scale  as  unity,  the  time  must  scale  os 
the  length  scale,  and  the  stiffness  of  the  arch  must  scale  os  the  fourth  power  of  the 
length  scale.  Obviously,  the  small  arches  are  not  true  models  of  the  Plumbbob  3.3 
structures,  but  deflections  can  be  compared  if  corrections  are  mode  for  differences 
in  the  loading  and  the  soil  moduli.  Comparative  deflections  made  on  this  basis  are 
given  in  Table  XIII. 


Table  Xlil.  Comparative  Deflections 


Location 

Deflections  (in.) 

Structure  3.3b 
(60  psi) 

Structure  3.3a 
(100  psi) 

Scaled-up 

3D-6A 

Footing 

1.5 

- 

1.05 

— 

2.4 

2.70^ 

Crown 

4.1 

- 

1.38 

Footing  residual 

1.4 

— 

0.768 

Crown  residual 

1.3 

— 

1.02 

g/  Based  on  test  3D-7A. 


Plumbbob  Structure  3.3b  was  a  standard  25-foot  by  48-foot  Armco  ammunition 
magazine  of  8-gage  multiplate,  it  was  subjected  to  a  surface  overpressure  of  60  psi 
and  hod  an  average  backfill  dry  density  of  112  pounds  per  cubic  foot.  Structure  3.3a 
was  similar  to  3.3b,  but  was  stiffened  with  I-beom  arch  ribs  on  4-foot  centers.  The 
stiffened  arch  was  subjected  to  a  surface  overpressure  of  100  psi  and  hod  an  average 
backfill  dry  density  of  113  pounds  per  cubic  foot. 

Footing  deflections  for  test  3D-6A  in  Table  IX  are  the  averages  of  deflections 
of  both  footings.  These  are  multiplied  by  the  length  scale  and  corrected  to  the  proper 
load  in  Table  XIII.  A  sample  calculation  for  the  scaled-up  footing  deflection  is  os 
follows: 
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X  10  =  1.05lnchei  (11) 

7,5  76  X  10 


are  in  order  of  occurrence:  the  average  deflec¬ 
tion  of  the  small  structure  footings/  the  ratio  of  the  peak  overpressures  in  the  prototype 
and  the  model,  the  correction  for  the  effective  duration  of  the  load,  and  the  length 
scale.  It  is  noteworthy  that  the  secant  modulus  of  compression  at  50  psi  was  identical 
for  the  Frenchman  Flat  soil  and  the  soil  used  in  the  Series  I  test. 

In  the  paragraphs  which  follow  the  small  buried  arches  will  be  referred  to  as 
i  models  for  convenience  although  they  obviously  are  not  true  models. 

The  scaled-up  deflections  of  the  model  were  very  close  to  the  deflections  of 
the  prototype,  which  indicates  that  modeling  of  buried  structures  is  possible,  at  least 
I  for  predicting  magnitudes  of  deflections.  More  reliance  could  be  placed  in  the  results 

I  if  the  foundation  material  in  the  prototype  had  properties  more  akin  to  those  in  the 

small  arches. 

Recapitulation 

I  The  sequence  of  events  constituting  the  essence  of  behavior  of  the  small  arches 

i  was: 

1.  The  surface  overpressure  reached  a  peak  value  in  about  i  millisecond 
and  gradually  decayed  thereafter. 

2.  The  peak  pressure  on  the  crown  of  the  arch  was  reached  in  about 
6  milliseconds. 

3.  The  peak  pressure  at  the  20-degree  and  3-degree  points  was  reached 
in  about  7  milliseconds. 

4.  Peak  thrust  and  moment  were  reached  in  about  8  milliseconds. 

5.  Maximum  deflection  was  reached  in  about  17  milliseconds. 

6.  Arching  was  a  minimixn  at  about  20  milliseconds. 

The  relatively  long  time  required  for  the  pressure  to  reach  a  peak  on  the  arch 
must  be  attributable  to  the  tendency  of  the  arch  to  move  away  from  the  soil  as  it  is 
loaded  by  it.  This  fortuitous  interaction  prevents  a  sudden  build-up  of  pressure  on 


_  0.126  +  0.137 

yf - 5 -  X 

The  terms  in  the  preceding  equation 
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the  surface  and  resultant  generation  of  shock  waves  in  the  material  of  which  the  arch 
is  fabricated.  As  has  been  diown  for  more  elementary  members/^  increasing  the  rise 
time  of  the  load  beyond  about  one*^ifth  of  the  natural  period  materially  reduces  the 
maximum  dynamic  deflection.  In  the  case  of  the  buried  arch,  the  slower  rise  time  of 
preuure  on  the  arch  delays  the  time  of  occurrence  of  peak  thrust  and  moment  to  a 
time  at  which  the  stress  wave  in  the  soil  has  hod  time  to  envelop  the  entire  structure 
and  thus  provide  increosed  confining  loads  on  the  sides  of  the  structure.  This  con¬ 
finement  induces  a  nearly  radial  loading  on  the  arch,  which  the  arch  is  ideally  suited 
to  resist  by  virtue  of  its  geometry.  The  peak  moment  is  maintained  over  a  long  period 
of  time,  but  the  thrust  rapidly  decays  to  a  value  of  about  one-half  its  peak.  The 
implication  of  this  is  that  yielding  produced  by  thrust  is  tolerdsle  because  the  rela¬ 
tively  short  duration  of  the  yielding  results  In  little  distress  to  the  structure.  The 
relatively  long  time  during  which  the  moment  remains  at  its  maximum  could  produce 
intolerable  deformation  of  the  structure  were  it  not  for  the  fact  that  deformations  of 
the  structure  simultaneously  mobilize  passive  resistance  in  the  enveloping  soil. 
Whatever  weakness  the  structure  demonstrates,  the  soil  immediately  compensates  for; 
it  is  difficult  to  conceive  of  a  system  more  mutually  complementary. 

Consequences  of  Observations 

What  information  can  be  extracted  from  the  test  results  which  will  aid  in  the 
design  and  construction  of  buried  structures?  First,  and  perhaps  most  important,  the 
observed  behavior  will  permit  the  establishment  of  sounder  assumptions  upon  which 
response  theories  can  be  based  and  will  provide  data  with  which  to  compare  the 
results  of  theories.  Beyond  this,  possible  practical  consequences  are: 

1.  The  nature  of  the  moment  curves  leads  to  the  tentative  conclusion 
that  it  is  only  necessary  to  achieve  near  optimum  compaction  up  to 
about  the  15-degree  point  on  the  sides  of  the  arch.  This  may  even¬ 
tually  justify  revision  of  presently  employed  backfill  specifications 
and  result  in  decreased  cost  of  backfilling. 

2.  The  tests  provide  a  basis  of  judgment  regarding  what  magnitude  of 
relative  deflections  may  occur  between  the  footings  and  floor  slab 
of  a  shelter,  and  indicate  the  importance  of  soil  density  on  this 
parameter. 

3.  Knowing  the  shape  of  the  moment  curve  permits  on  approximation 
of  the  buckling  load  and,  thus  partially  removes  one  of  the  biggest 
unknowns  in  buried  shelter  design.  This  knowledge,  together  with 
the  observed  time  variation  of  moment  and  thrust,  will  permit 
approaching  the  ideal  of  a  buried  shelter  of  balanced  design;  that 

is,  one  which  fails  simultaneously  due  to  punching,  buckling,  moment, 
and  thrust,  depending  upon  the  criteria  chosen  for  each. 
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There  are  two  consequences  of  the  observations  which  are  of  indirect  importance. 
First,  the  tests  have  shown  that  for  dry-^nd  backfill,  and  accounting  for  the  slightly 
different  initial  soil  conditions,  repeated  load  tests  can  be  employed  on  a  particular 
soil-structure  system  to  gain  information  on  behavior  without  the  necessity  of  rework¬ 
ing  the  soil  between  each  test.  Secondly,  there  are  strong  indications  that  the 
modeling  outlined  in  Appendix  B  will  be  adequate  for  predicting  the  behavior  and 
capacity  of  prototype  structures. 

The  tests  indicate  that  prediction  of  the  magnitude  of  deflections  through 
modeling  is  possible,  at  least  under  certain  restricted  conditions  such  as  dry-sand 
backfill.  This  will  enable  detailed  studies  of  the  influence  of  the  important  variables 
in  various  protective  systems,  and  finally  permit  the  development  of  suitable  analyt¬ 
ical  methods  for  designing  economical  undergrourKi  protective  systems. 

Deficiencies  of  Work 

Perhaps  the  most  serious  limitation  of  the  tests  reported  is  the  limited  magnitude 
of  peak  pressure  which  could  be  obtained.  It  would  have  been  desirable  to  load  the 
small  structures  to  at  least  100  psi  to  be  within  the  range  of  dominant  current  interest. 
The  capacity  of  the  blast  simulator  is  such,  however,  that  the  peak  pressures  which 
can  be  applied  over  the  large  area  of  the  soil  surface  in  the  pit  are  of  the  order  of 
25  psi.  Slightly  higher  static  test  pressures  can  be  safely  achieved. 

Performing  a  series  of  static  tests  is  considered  of  first-order  importance  because 
of  the  limited  static  data  obtained  in  the  Series  I  and  II  tests.  It  is  regarded  as  ex¬ 
tremely  important  to  have  static  tests  as  controls  for  the  dynamic  tests.  Actually,  the 
static  tests  will  not  provide  controls  in  the  usual  sense  because  little  is  known  about 
soil -structure  interaction  under  static  conditions. 

In  addition  to  static-test  data,  information  is  lacking  on  the  influence  of  the 
boundaries  of  the  simulator  test  pit.  Solution  of  this  problem  is  largely  dependent 
on  development  of  suitable  methods  of  measuring  soil  pressure.  Soil-pressure 
measurement  remains  the  biggest  single  obstacle  to  gaining  knowledge  of  the 
behavior  of  buried  structures.  Concentrated  efforts  are  being  made  by  various 
groups  to  overcome  this  measurement  problem  and  it  is  hoped  that  a  solution  will 
be  forthcoming  in  the  near  future. 

Progress  in  the  measurement  area  can  also  be  achieved  through  careful 
planning  of  the  recording  scheme,  in  dynamic  tests  it  is  not  sufficient  to  provide 
a  table  of  peak  values  because  the  parameters  vary  in  time  and  the  entire  time 
variation  is  usually  necessary  to  understand  the  behavior.  The  traces  on  the  oscillo- 
grcnns  in  the  Series  I  and  II  tests  were  crowded  together  and,  because  of  the  large 
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number  of  traces  recorded,  overlapped  each  other  to  the  extent  that  the  oscillograms 
could  not  be  reproduced  directly  and  included  in  the  report;  in  several  cases  they 
would  not  have  been  intelligible  to  anyone  not  intimately  familiar  with  the  experi¬ 
ment.  For  this  reason  typical  records  for  certain  of  the  more  informative  tests  were 
traced  and  are  included.  Certain  of  the  detail  and  some  of  the  accuracy  is  lost  in 
such  reproduction,  and  it  is  a  poor  substitute  for  the  actual  records.  The  knowledge 
and  experience  gained  from  the  Series  I  and  II  tests  will  permit  considerable 
improvement  in  future  tests. 

Problem  Areas  Remaining 

The  major  problem  areas  remaining  are  embodied  in  questions  to  be  answered 
os  follows: 

1.  What  is  the  influence  of  footing  width  on  the  behavior  of  buried 
arches? 

2.  Is  it  advantageous  to  design  the  structure  so  that  the  footings  can 
move  inward? 

3.  What  is  the  influence  of  varying  the  stiffness  of  the  arch?  How 
will  a  five-hinged  arch  perform?  What  is  the  thinnest  structure 
which  can  now  be  employed  without  incurring  buckling  failure? 

4.  What  is  the  influence  of  varying  the  ratio  of  the  depth  of  cover 
to  span? 

5.  Can  mechanical  shielding  between  the  structure  and  the  soil  be 
successfully  employed  to  decrease  the  effects  of  loads  transmitted 
by  the  soil? 

6.  Can  modeling  be  employed  to  predict  other  than  displacements  in 
dry  sand? 

7.  How  does  response  to  a  traveling  wave  compare  with  the  response 
of  the  structures  tested  in  the  blast  simulator? 

Answers  to  the  last  two  questions  require  field  testing.  If  the  effect  of  a 
traveling  wove  on  response  is  small,  it  should  be  possible  to  answer  the  remainder 
of  the  questions  by  tests  in  the  blast  simulator. 
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FINDINGS 


1.  1116  computed  and  experimental  values  of  natural  period  agreed  well  for  the 
uncovered  arch  without  endwalis. 

2.  Insertion  of  endwoils  altered  the  response  and  mode  it  difficult  to  excite  the  first 
symmetrical  and  first  ontisymmetrical  modes. 

3.  Earth  cover  apparently  reduced  the  fundamental  period;  the  stiffening  effect  of 
the  soil  seemed  to  be  more  influential  on  the  period  than  the  added  mass. 

4.  Moments  and  thrusts  due  to  backfill  were  very  small. 

5.  The  moment  hod  the  same  form  in  the  static  and  dynamic  tests:  the  moment  was 
0  maximum  at  5  degrees  from  the  spring  line. 

6.  The  shape  of  the  moment  curve  permitted  estimating  the  buckling  load. 

7.  The  moment  at  the  5*^egree  point  was  5  times  the  moment  at  the  crown. 

8.  Moment  and  thrust  hod  peak  values  approximately  twice  their  values  in  the 
quasi -static  state. 

9.  The  distribution  of  thrust  was  approximately  uniform. 

10.  Passive-sense  pressures  were  developed  in  the  region  from  0  to  20  degrees  on 
the  arch,  and  active^nse  pressures  were  developed  elsewhere  at  the  interface. 

11.  Efforts  at  measuring  soil  pressure  were  largely  unsuccessful,  although  some 
useful  information  was  derived  from  the  interfoce  measurements.  The  reading  of 
each  gage  was  dependent  upon  the  manner  in  which  the  soil  was  initially  placed 
over  the  face  of  the  gage.  With  repeated  loading  the  same  percentage  of  the 
surface  load  was  indicated. 

12.  Pressure  rise  time  on  the  arch  was  much  longer  than  theoretical  predictions. 

13.  The  peak  load  on  the  crown  was  greater  for  the  short-duration  loads  than  for 
the  long -duration  loads. 

14.  The  velocity  of  the  soil  stress  wave  was  1300  feet  per  second. 

15.  The  deflection-time  behavior  differed  for  long-  and  short-duration  loadings. 
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16.  For  long-duration  loads  tha  fundamental  action  was  a  downward  body  motion  of 
the  entire  structure  into  the  soil. 

17.  The  nature  of  the  deflection  behavior  was  somewhat  dependent  upon  the 
magnitude  of  the  applied  load. 

18.  Response  of  the  buried  arch  was  found  to  be  very  much  dependent  upon  the  soil 
stiffness  as  indicated  by  the  soil  density.  A  small  reduction  in  density  in  the  Series  11 
tests  resulted  in  a  large  percentage  increase  in  peak  deflection. 

19.  Peak  deflections  from  the  first  loading  in  a  series  were  much  greater  than  for 
subsequent  loadings  at  the  some  overpressure.  With  each  successive  loading  at  a 
given  level,  the  peak  deflection  was  less  than  in  the  preceding  loading  but  not  by 
a  large  amount. 

20.  In  the  long-duration  tests,  recovery  from  the  maximum  displacement  was  small. 

In  the  free  field,  at  the  elevation  of  the  footings,  elastic  recovery  was  30  percent, 
but  for  the  footings  the  corresponding  recovery  was  only  15  percent. 

21.  In  most  coses,  the  sides  (8-degree  points)  moved  outward  slightly  and  then 
moved  inward  after  the  peak  dsrfiection  of  the  crown  hod  been  reached. 

22.  The  percent  of  load  carried  by  arching  in  the  static  tests  was  found  to  be 
dependent  upon  the  magnitude  of  the  applied  load;  at  low  surface  loads  the  propor¬ 
tion  of  the  load  carried  by  arching  is  large  but  the  proportion  decreases  rapidly  as 
the  load  is  increased. 

23.  In  the  dynamic  tests,  arching  varied  with  time. 

24.  The  inertial  forces  of  the  backfill  soil  could  not  be  neglected  in  studying  the 
response  of  the  buried  structure  to  blast  loads.  Therefore,  dynamic  tests  cannot  be 
replaced  by  static  tests. 

25.  Apparently,  results  of  scale-model  experiments  can  permit  reasonably  accurate 
predictions  of  prototype  deflections. 

Due  to  the  limited  number  of  tests  performed  and  the  idealized  conditions  of 
the  tests,  none  of  the  findings  are  offered  os  firm  conclusions.  The  tests  results  are 
exceedingly  encouraging,  however,  and  it  is  expected  that  tests  scheduled  for  the 
near  future  will  provide  confirmation  of  most,  if  not  all,  of  the  above  findings. 
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LIST  OF  SYMBOLS 


A  =  area  of  arch  section 

a  =  exponent  parameter  in  stress-strain  approximation  for  dry  sand 
B  =  diameter  of  circular  footing 
b  =  width  of  footing 

C  =  constant  depending  upon  mode  of  vibration;  n  =  1,  2,  3  .  .  . 
n 

=  seismic  velocity  of  soil 

d^  =  depth  of  cover  over  crown  of  arch 

d  =  deflection  at  surface  of  soil 
se 

d  =  deflection  at  some  distance  y  below  the  surface 
ye 

E  =  modulus  of  elasticity  of  arch  material 

E.  =  initial  tangent  modulus 

e  -  bulk  modulus 

f|^  =  ultimate  unit  strength  (stress) 

“  normal  force  on  a  vertical  section  of  soil  through  the  footing 

I  =  moment  of  inertia  of  longitudinal  section 

K  =  at-rest  coefficient 
o 

k  =  modulus  of  subgrade  reaction;  coefficient  of  permeability;  stiffness  of  arch  (El) 
L  =  length  of  buried  arch 
M  =  moment 
N  =  axial  thrust 
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Newtonian  constant 

portion  of  surface  load  directly  above  arch  carried  by  the  soil 

unit  pressure  at  interface 

interface  pressure  at  crown 

critical  radial  unit-buckling  load  of  a  buried  arch 

horizontal  unit  pressure  in  a  soil  field 

peak  surface  overfM'essure 

estimated  surface  pressure  to  produce  buckling 

vertical  unit  pressure  in  a  soil  field 

footing  reaction 

arch  radius 

section  modulus  of  arch 

natural  frequency  corresponding  to  mode  shapes  n  =  1,  2,  3  .  .  . 
any  time 

time  at  which  pressure  reaches  a  maximum  on  crown  of  arch 
stress -wave  velocity 
depth  below  surface  of  soil 
deflection  of  footing 

density  of  sand;  mass  density  of  arch  or  arch-soil  system 
dry  unit  weight  of  sand 
displacement  at  time  t 
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unit  strain 

unit  strain  on  extrados  at  6  =  6 

a 

unit  strain  on  intrados  at  6  =6  ;  unit  strain  at  ultimate  stress 

o' 

linear  scale  factor 
any  length  in  model 
tan  <p 

mass  density  of  arch  material 
moss  density  of  sand 
unit  stress 

unit  stress  at  incipient  shear  failure  of  soil 
deviator  stress  in  standard  triaxial  soil  shear  test 
effective  duration  of  blast  load 

angle  between  base  line  and  radius  through  a  given  point  on  the  arch 
angle  of  internal  friction 

natural  (circular)  frequency 
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Appendix  A 


PROPERTIES  OF  SOIL  AND  FOUNDATION 


Investigation  of  any  sol  I -structure  Interaction  problem  Is  rendered  difficult  by 
the  heterogeneous  nature  of  soil,  which  makes  the  behavior  of  soil  difficult  to  define 
with  precision.  The  purpose  of  this  appendix  is  to  discuss  the  behavior  of  sand  and 
the  properties  that  influence  this  behavior.  Included  in  this  appendix  is  a  description 
of  the  method  of  placement  of  sand  for  the  sol  I -structure  interaction  experiments 
described  in  the  main  body  of  the  report.  Also  included  are  a  discussion  of  the 
behavior  of  sand  under  static  loads  and  a  review  of  the  limited  data  available  con¬ 
cerning  the  behavior  of  sand  under  dynamic  loads. 

For  the  three-dimensional  soil^tructure  interaction  experiments,  sarxJ  was 
placed  in  2-foot  layers  up  to  the  elevation  of  the  footings  of  the  test  structure. 

Each  layer  was  compacted  thoroughly  and  uniformly  by  the  operation  of  a  Lazan 
oscillator  on  the  surface  of  the  layer.  For  this  application,  the  oscillator  was 
mounted  on  an  18-inch  by  18-inch  by  2-inch  wooden  slab,  which  was  moved  about 
the  surface  of  the  sand  in  a  regular  pattern  so  as  to  afford  complete  coverage  of  the 
surface  area  of  the  pit.  The  oscillator  was  operated  at  a  frequency  near  the  natural 
frequency  of  the  sand  mau.  After  the  structure  was  set  into  place  on  the  compacted 
sand,  the  remaining  sand  was  placed  around  and  above  the  structure.  All  sand  above 
the  elevation  of  the  footings  was  compacted  by  uniform  insertion  in  a  regular  pattern 
of  a  concrete  spud  vibrator.  Density  of  the  sand  at  each  2-foot  layer  was  determined 
by  the  conventional  sand  replacement  method.  Density  and  other  important  physical 
properties  of  the  sand  are  shown  in  Table  A-l.  Grain  size  distribution  is  shown  In 
Figure  A-l.  This  sand  was  excavated  from  the  bed  of  the  Santa  Clara  River,  California, 
and  was  crushed  and  kiln-dried  before  use.  > 

It  would  be  easier  to  duplicate  density  conditions  from  test  to  test,  and  from 
place  to  place  in  a  given  test,  if  the  sand  used  had  a  narrower  range  of  grain  sizes. 
However,  by  careful  control  of  placement,  local  variation  of  properties  in  the  soil 
mass  was  minimized.  Low  cost  of  the  sand  used  and  its  ready  availability  in  large 
quantities  offset  the  slight  advantage  of  a  "one-size"  sand. 

One  of  the  most  important  properties  of  sand  is  the  density,  y.  Figure  A-2 
shows  that  density  has  an  appreciable  effect  upon  the  ultimate  strength  of  the  sand. 

This  plot,  along  with  Figure  A-3,  also  shows  that  the  initial  tangent  modulus,  E;, 
increases  with  an  increase  in  density.^^  Since  lateral  pressure  increases  with  depth 
and  density  increases  slightly  with  lateral  pressure.  It  follows  that  Ej  should  increase 
with  depth.  An  increase  in  surface  load  also  will  produce  a  small  increase  in  the 
density  of  the  sand,  so  it  can  be  stated  that  Ej  increases  slightly  with  an  increase  In 
load. 
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Figure  A-2.  Stress-strain  curves  for  dry  NCEL  test  sand, 
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Figure  A-3,  Initial  tangent  modulus  vs  depth  ond  confining  pressure.^® 
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The  above  reasoning  should  apply  to  the  angle  of  internal  friction,  0,  since  it 
increases  with  on  increase  in  density.  Therefdre,  it  can  be  said  that  since  density 
increases  with  load  and  with  depth,  both  the  initial  tangent  modulus  and  the  angle 
of  internal  friction  increase  with  load  and  with  depth. 

Of  course,  other  factors  such  as  grain  size  distribution  and  particle  shape  also 
influence  the  angle  of  internal  friction.  However,  the  preceding  discussion  has  been 
limited  to  those  factors  which  were  variable  during  the  experiments  reported.  Since 
the  same  sand  was  used  for  all  experiments,  the  grain  size  and  particle  shape  were 
not  variables. 

When  the  surface  of  a  mass  of  sand  is  loaded,  a  certain  amount  of  deformation 
takes  place.  Upon  removal  of  the  load,  part  of  this  deformation  is  regained,  but 
there  is  usually  a  considerable  amount  of  permanent  set.  This  is  a  result  of  an  expen¬ 
diture  of  energy  in  reducing  the  void  ratio  of  the  sand.  It  is  not  a  completely 
reversible  elastic  deformation.  Each  time  the  sand  is  reloaded  there  is  an  increase 
in  total  deformation,  but  the  magnitude  of  the  increase  becomes  successively  smaller. 
This  decreased  increment  is  a  result  of  the  increased  density,  stiffness  and  strength 
of  the  sand  caused  by  the  previous  load.  An  illustration  demonstrating  the  hysteresis 
is  shovm  in  Figure  A-4. 


Figure  A-4.  Stress-strain  relationship  for  sand 
subjected  to  repeated  loading. 
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At  a  certain  critical  itrain,  the  streu-strain  characteristics  of  completely 
confined  sand  approach  those  of  a  solid.  This  occurs  when  the  load  has  increased 
the  density  of  the  sand  to  a  point  where  the  void  ratio  no  longer  decreases  with  an 
increase  in  load.  With  such  a  load  on  a  semi-infinite  moss  of  sand  loaded  vertically 
on  a  free  horizontal  plane,  there  can  be  no  horizontal  deformation  and  the  sand 
behaves  like  an  elastic  solid.  Agranular  material  which  exhibits  this  phenomenon 
is  called,  by  some  experimenters,  a  "locking"  medium.  A  typical  example  of  this  is 
shown  in  Figure  A-5.  A  similar  condition  exists  in  the  field  when  a  spread  footing 
is  placed  on  a  layer  of  dense  sand  overlaying  stiff  clay  or  rock.  For  such  a  condition 
to  develop,  the  footing  must  be  sufficiently  wide  that  movement  of  the  sand  at  the 
sides  of  the  footing  does  not  affect  the  lateral  restraint  of  the  sand  beneath  the  cen¬ 
ter.  Before  the  "locked"  condition  is  fully  developed,  it  is  likely  that  crushing  of 
particles  commences.  This  condition  continues  with  increasing  pressure. 

At  least  three  different  pressure  conditions  can  exist  in  a  soil -structure  system 
depending  upon  the  history  of  the  system.  These  are  (1)  the  at-rest  pressure,  (2)  pres¬ 
sure  in  the  active  sense,  and  (3)  pressure  in  the  passive  sense.  The  ratio  between  the 
horizontal  and  vertical  pressure  in  a  soil  mass,  P^/Pv'  spoken  of  as  the  coefficient 
of  lateral  earth  pressure,  K.  In  the  at-rest  condition,  no  movement  of  the  soil  mass 
or  of  the  structure  has  occurred  since  placement,  and  the  coefficient  of  earth  pressure 
at  rest  is  K^. 

When  a  structure  is  forced  against  the  surrounding  soil  mass,  the  pressure 
exerted  on  the  interface  by  the  soil  is  increased.  This  pressure  increases  with 
increasing  strain  until,  at  incipient  failure,  it  reoches  a  maximum  in  the  passive 
sense.  The  coefficient  of  passive  earth  pressure  is 


It  can  be  exemplified  by  the  increase  in  pressure  in  a  horizontal  direction  at  a 
region  near  the  base  of  a  buried  semicircular  arch  loaded  at  the  crown.  This  increased 
horizontal  pressure  just  above  the  springline  has  a  beneficial  effect  in  that  it  adds 
to  the  stability  of  the  arch  by  resisting  further  lateral  movement  of  that  critical 
region  near  the  base. 

At  the  crown  of  the  arch  where  the  structure,  when  loaded,  moves  down  from 
its  original  position,  the  interface  pressure  becomes  less  than  the  at-rest  pressure.  It 
reaches  a  minimum  called  active  pressure  at  incipient  failure,  and  the  coefficient  of 
active  earth  pressure  is 
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K^,  the  coefficient  of  earth  pressure  at  rest,  is  numerically  between  and  K^. 

In  the  main  body  of  this  report,  the  range  of  pressures  between  at-rest  arni 
active  pressure  are  spoken  of  as  pressure  in  the  active  sense.  Similarly,  the  range 
of  pressures  between  at-rest  and  passive  pressure  are  spoken  of  as  pressure  in  the 
passive  sense.  Also  in  this  report,  the  reduction  in  vertical  load  on  the  structure 
caused  by  the  active*4ense  pressure  condition,  expressed  as  a  percentage  of  the  total 
vertical  load  on  the  surface  of  the  soil  immediately  above  the  structure,  is  called 
arching.  The  arching  of  the  soil,  as  well  as  the  passive  resistance  of  the  soil  near 
the  springline,  has  a  primary  influence  on  the  behavior  of  the  structure  and  must  be 
considered  in  the  analysis  of  any  soil -structure  interaction  problem. 

The  load-settlement  relationship  of  a  footing  can  best  be  represented  by  a 
modulus  of  subgrade  reaction,  k.  its  magnitude  depends  not  only  upon  the  strength 
of  the  soil  but  also  upon  the  size  of  the  loaded  area,  the  relative  magnitude  of  the 
load,  and  the  depth  of  the  footing  below  the  surface.^^  The  k  value  of  a  particular 
soil  is  found  by  means  of  a  plate-bearing  test.  The  value  obtained  must  be  adjusted 
to  account  for  the  size  and  shape  of  the  footing  placed  upon  the  soil.  Since  a 
plate-bearing  test  requires  much  time  and  expense,  research  is  needed  to  associate 
the  modulus  of  subgrade  reaction  with  some  of  the  more  easily  determined  soil 
properties. 


Figure  A-6,  for  a  circular  footing  on  the  soil  surface,  shows  that  settlement  of 
a  footing,  and  therefore  its  k  value,  depends  to  a  great  extent  upon  the  diameter  of 
the  footing.  For  diameters  greater  than  approximately  12  inches,  settlement  is 
governed  by  compression  of  the  soil  moss  directly  beneath  the  footing.^ ^  Therefore, 
for  this  type  of  footing,  the  modulus  of  subgrade  reaction,  k,  will  very  almost  inversely 
with  the  footing  diameter. The  same  variation  will  hold  for  strip  footings  of 
more  than  about  12-inch  width. 


For  very  narrow  footings,  such  as  those  in  the  smal  I -structure  tests  reported  in 
the  main  body  of  this  report,  bearing  capacity  is  governed  by  shearing  resistance  of 
the  soil.  Lateral  movement  of  the  soil  beneath  the  footing  occurs,  and  the  footing 
punches  through  the  soil.  For  a  given  pressure,  there  is  a  critical  width  of  footing 
which  determines  whether  soil  shear  or  soil  compression  will  govern  settlement.  At 
less  than  critical  width,  shear  controls;  at  greater  than  critical  width,  compression 
controls.  In  sand,  the  critical  width  depends  to  a  great  extent  upon  the  shear  strength 
of  the  sand.  Shear  strength,  in  turn,  depends  upon  density  and  confinement,  which 
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are  function!  of  depth  of  burial.  Henc#/  critical  width  will,  in  general,  decrease 
with  increasing  depth  of  burial  of  the  footing.  It  Is  difficult  to  predict  the  settle¬ 
ment  of  narrow  footings,  since  bearing  capacity  is  so  sensitive  to  the  many  variables 
encountered  in  the  soil  environment.  Certainly  punching  should  be  considered  in 
studies  involving  extremely  narrow  footings. 

For  o  wide  footing,  the  relative  magnitude  of  the  load  has  a  significant  influence 
upon  the  modulus  of  subgrade  reaction,  k.  Since  the  stress-strain  relationship  of  sand 
is  nonlinear  at  loads  commonly  encountered,  the  k  value  will  decrease  with  increasing 
load.  For  loads  less  than  one-half  the  ultimate,  the  load-settlement  relationship  may 
be  represented  by  the  tangent  modulus,  but  for  higher  loads,  various  secant  moduli 
should  be  used.  This  is  shown  in  Figure  A-7. 

There  have  been  several  theories  advanced  concerning  the  variation  of  the 
modulus  of  subgrade  reaction  with  depth.  It  is  generally  accepted  that  the  k  value 
of  cohesionless  soils  increases  in  some  manner  with  depth  because  of  the  increase  in 
density  and  lateral  confinement  of  the  soil  with  depth.  For  sand,  a  straight-line 
variation  seems  to  be  most  widely  used  (Figure  A-8).  An  exponential  variation  over 
a  pile  length,  L,  of  the  form  f(y)  -  K(y/L)''  has  been  suggested.^  By  varying  the 
constants  K  ond  n,  a  variation  with  depth  which  agrees  with  experimental  data  has 
been  obtained. 

A  hyperbolic  variation  of  the  form  f(y)  «  Ky/(y  *  A)  has  been  assumed,  where 
K  and  A  are  constants.^  This  also  is  more  flexible,  and  possibly  more  realistic  than 
a  straight-line  variation.  It  also  is  more  expedient  mathematically  than  the  preceding 
method . 

g 

A  method  has  been  proposed  for  the  prediction  of  footing  settlement.  In  the 
derivation  it  is  ossumed  that  the  subgrade  modulus  of  sand  varies  directly  with  depth 
of  burial.  However,  the  defined  "depth  of  burial"  includes  the  actual  depth  plus  an 
additional  depth  equivalent  to  the  unit  pressure  under  the  footing  divided  by  the  soil 
density.  A  Boussinesq  distribution  of  vertical  stren  is  assumed  and  the  incremental 
soil  strains  beneath  the  footing  are  integrated  to  obtain  the  total  settlement.  By 
integrating  to  an  infinite  depth,  a  closed  mathematical  solution  is  obtained  for 
determining  the  k  value  of  a  particular  footing  from  the  k  value  obtained  from  a 
plate-bearing  test. 

The  k  value  of  sand  also  is  influenced  by  moisture  content.  The  addition  of 
a  small  amount  of  moisture  to  sand  increases  its  bearing  capacity  through  apparent 
cohesion.  A  further  addition  of  moisture  will  destroy  this  effect  and  reduce  the 
bearing  capacity  by  decreasing  the  intergranular  pressure.  The  moisture  contents 
at  which  these  phenomena  occur  deperxl  upon  the  density  and  grain-size  distribution 
of  the  sand. 
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Figure  A-5.  Stress-Strain  relationship  for  laterally  confined  dense  sample 
consisting  of  90  percent  sand  and  10  percent  micaj^ 
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Figure  A-6. 


The  influence  of  Igterol  deformation  on  settlement  in 
cohesion! ess  soils.  ^ 
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Figure  A-7.  Typical  load>def lection  curve  for  sand. 


Figure  A-8.  Assumed  variation  of  modulus  of  subgrade 
reaction  of  sand  with  depth. 
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The  permeability  of  the  sand  is  another  variable  influenced  by  density. 

Figure  A-9  shows  that  an  increase  in  density  decreases  the  permeability  of  small- 
grained  sand  by  a  considerable  amount,  while  it  has  little  effect  upon  the  permedsility 
of  large-grained  sand. 

This  discuuion  has  been  primarily  limited  to  the  static  behavior  of  sand,  it 
has  previously  been  believed  H>at  behavior  similar  qualitatively  to  static  behavior 
occurs  during  dynamic  loading,  with  some  expected  differences  quantitatively. 
Knowledge  of  the  dynamic  behavior  of  footings  on  sand  is  very  limited,  and  the 
analytical  approaches  which  hove  been  suggested  have  not  as  yet  been  proven  or 
disproven  by  tests. 

In  1954,  the  Massachusetts  Institute  of  Technology  conducted  static  and 
dynamic  tests  of  smali  footings  resting  on  moist  sand  and  compacted  silt.^^'^”  The 
results  of  the  tests  were  informative,  but  they  were  inconclusive  as  far  os  an  accurate 
comparison  of  static  and  dynamic  footing  behavior  is  concerned. 

McKee,'^  at  the  illinois  institute  of  Technology,  noted  very  little  resemblance 
between  the  static  and  dynamic  resistance  of  similar  small  footings.  He  concluded 
that  it  is  inappropriate  to  use  the  static  resistance  of  a  footing,  directly  or  with  any 
simple  modification,  to  predict  its  dynamic  resistance. 

At  present,  the  University  of  Illinois,  the  U.  S.  Army  Waterways  Experiment 
Station,  and  others  are  engaged  in  dynamic  tests  on  footings.  Also,  work  along  these 
lines  is  being  done  at  the  Naval  Civil  Engineering  Laboratory.  Results  of  static  and 
dynamic  plate-bearing  tests  without  surcharge  on  dry  sand  in  the  blest  simulator  pit 
at  NCEL  have  indicated  that  the  dynamic  load  for  a  given  settlement  is  in  the  vicinity 
of  10  to  15  percent  higher  than  the  static  load  for  that  same  settlement.  The  tests 
are  to  be  continued  with  various  surcharges  in  an  attempt  to  disclose  the  mode  of 
variation  of  the  modulus  of  subgrade  reaction  with  depth. 


114 


Figure  A-9.  Permeability  of  NCEL  test  sand. 


Appendix  B 


MODEL  TO  PROTOTYPE  CONSIDERATIONS 


In  the  body  of  the  report,  the  arch  tested  was  considered  as  a  small  structure 
to  avoid  the  problems  of  modeling.  The  purpose  of  this  appendix  is  to  review  the 
requirements  of  similitude  for  an  arch  buried  in  dry  sand. 

A  recent  report  outlirtes  the  meager  background  information  available  on  the 
modeling  of  underground  structures  arxl  cites  the  lack  of  experimental  data  on 
structure*tnedium  interaction.^  ITie  report  also  identifies  pertinent  parameters  as 
related  to  the  blast,  structure,  and  soil,  and  reviews  the  basic  tenents  of  model 
analysis.  Areas  of  uncertainty  and  difficulty  also  are  cited. 

One  of  the  major  difficulties  in  achieving  true  modeling  is  chargeable  to 
strain-rate  effects.  Strain-rate  effects,  however,  are  not  particularly  important  for 
dense  dry  sand.  Unpublished  test  data  obtained  at  the  Laboratory  and  other  avail¬ 
able  experiments^^  have  shown  that  the  influence  of  strain  rate  upon  the  properties 
of  dry  sand  are  less  than  10  percent.  A  second  difficulty  occurs  by  virtue  of  the 
energy  absorption  and  dispersion  of  a  transmitted  wave.  The  seriousness  of  the  latter 
phenomerwn  is  unknown  at  present,  but  the  effects  are  probably  small  for  shallow-buried 
structures. 

The  theory  of  Reference  3  may  be  applied  to  the  arch-sand  system  as  indicated 
in  Table  B-l.  In  this  analysis  it  is  assumed  that  the  same  materials  are  used  in  the 
model  and  in  the  prototype  and  that  the  properties  of  the  sand  are  as  discussed  in 
Appendix  A.  Further,  it  is  presumed  that  the  stress-strain  properties  of  the  sand  are 
analytically  definable  with  the  parameters  listed. 

The  procedure  followed  in  developing  Table  B-l,  as  in  most  model  analyses, 
was  to: 

1.  List  the  pertinent  parameters. 

2.  Determine  the  number  of  dimensionless  independent  parameters. 

3.  Apply  the  Buckingham  Pi  Theorem. 

4.  Form  suitable  pi  terms. 
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5.  Fix  a  number  of  parameters  equal  to  the  number  of  independent  dimensions. 

6.  Determine  the  design  and  operating  conditions. 

The  Newtonian  constant  was  introduced  to  permit  nondimensionolizing  the  moss 
density. 

In  Table  B-l  the  variables  associated  with  the  load,  the  structure,  the  soil,  and 
the  inertial  effects  are  listed.  Certain  of  the  parameters,  of  course,  are  associated 
with  more  than  one  component  of  the  system,  in  which  case  the  primary  association 
is  given.  A  standard  exponentially  decaying  blast  load  is  presumed  in  forming  the 
list.  Inertial  forces  associated  wiHi  the  structure,  and  all  gravity  forces  were  assumed 
to  be  negligible. 

It  is  significant  that  the  inertial  forces  associated  with  the  structure  can  be 
readily  included  if  desired  by  including  the  mass  density  of  the  arch  material  as  a 
pertinent  parameter.  Inclusion  of  unit  weight  to  account  for  gravity  forces,  however, 
results  in  on  incompotible  condition.  It  turns  out  that  the  length  scale,  the  modulus- 
of -elasticity  scale,  and  the  unit-weight  scale  cannot  be  fixed  independently  because 
the  three  are  not  dimensionally  independent. 

As  indicated  in  the  summary  of  Table  B-l,  there  are  15  variables  and  three 
independent  dimensions  which  permit  the  formation  of  12  pi  terms.  Force  and  moss 
are  related  through  Newton's  second  law  of  motion  and  are  not  independent.  Since 
there  are  three  independent  dimensions,  three  independent  scales  may  be  established 
from  which  all  others  are  determinable.  In  addition  to  the  geometry  or  length  scale, 
it  is  expedient  to  establish  scales  on  the  basis  of  two-dimensional ly  independent 
properties  of  the  material.  Since  these  should  be  the  most  significant  properties  of 
the  system,  the  soil  modulus  and  the  mass  density  of  the  soil  were  chosen.  With  these 
properties  fixed,  the  primary  design  and  operating  conditions  are  found  as  indicated 
in  the  last  column  of  Table  B-l. 

The  essence  of  the  design  and  operating  conditions  is  that  the  unit  pressure  in 
the  prototype  must  equal  the  unit  pressure  in  the  model,  the  time  scale  must  be  the 
same  os  the  length  scale,  and  the  stiffness  of  the  arch  must  scale  as  the  fourth  power 
of  the  length  scale. 

Two  problem  areas,  other  than  the  ones  previously  cited,  which  deserve  mention 
arise  from  the  variation  of  the  soil  modulus  with  depth  (surcharge  pressure)  and  the 
difference  in  the  action  of  footings  of  different  sizes.  The  soil  modulus  is  expected 
to  vary  approximately  linearly  with  surcharge  pressure.  Notably,  the  soil  cannot 
distinguish  between  the  surcharge  pressure  caused  by  depth  of  cover  and  that  caused 
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by  the  surface  load.  Since  the  surface  load  must  be  the  same  in  the  model  and  the 
prototype  and  since  the  surface  load  in  the  cases  of  prime  concern  will  be  so  much 
greater  than  the  preuure  due  to  the  soil  cover/  the  variation  of  the  soil  modulus 
between  the  model  and  the  prototype  should  be  very  little.  That  is,  the  chosen  design 
condition  should  be  met. 

From  the  previous  discussion,  then,  one  would  conclude  that  the  analysis  of 
Table  B-l  is  expected  to  result  in  the  correct  modeling.  Correlation  of  the  results 
of  the  Plumbbob  Structure  3.3  tests  and  the  small -structure  tests  conducted  in  the 
simulator  has  been  accomplished  in  the  body  of  the  report  where  it  is  shown  that 
reasonable  agreement  exists  in  comparing  deflections. 
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Table  B-l 


Dimensional  Analysis 
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Appendix  C 


FOAMED-PLASTIC  MODEL 


A  configuration  of  o  buried  structure  was  made  from  a  sheet  of  foamed  plastic 
and  other  available  materials/  os  shown  in  Figure  C-1.  Though  not  a  true  model, 
the  setup  will  be  referred  to  as  a  model  for  convenience.  The  purpose  of  the  setup 
was  to  provide  some  idea  of  the  character  of  the  deformations  to  facilitate  location 
of  instrumentation  in  the  small -structure  tests  in  the  blast  simulator. 

At  the  time  the  plastic  model  was  made,  it  was  not  intended  to  report  the 
deformation  patterns  obtained;  however,  they  seemed  to  be  worth  including  since 
the  results,  while  of  no  quantitative  value,  do  present  an  interesting  qualitative 
picture  of  probable  relative  deflections  in  a  media-structure  system. 

As  may  be  seen  in  Figure  C-1,  the  model  consisted  of  a  3/4-inch-thiclc 
foamed -plastic  sheet,  with  a  semicylinder  cut  out  for  an  arch,  and  blocks  cut  out  to 
accommodate  footings.  The  sheet  was  fixed  along  the  bottom  edge,  but  not  constrained 
at  the  sides.  Paper  liners  and  wooden  blocks  were  subsequently  inserted  in  the  cutout 
to  represent  an  arch  and  its  footings.  Two  weights  of  paper  cord  were  used  to  repre¬ 
sent  arches  of  different  stiffnesses,  and  two  sizes  of  footings  were  employed.  Loads 
were  applied  along  the  top  surface  of  the  plastic  sheet  by  means  of  pumping  air  into 
a  double  strip  of  rubber  medical  drain  tubing,  which  was  confined  by  a  notched 
piece  of  fir  two-by-four.  The  pump.  Bourdon  pressure  gage,  and  metal  tubing  which 
attaches  to  the  end  of  the  medical  drain  tube  are  visible  in  Figure  C-1.  A  grid  was 
ruled  on  the  plastic  sheet  to  permit  recording  deflection  patterns. 

Tests  were  performed  as  follows:  (1)  a  photograph  of  a  given  setup  was  made 
prior  to  the  application  of  any  load,  (2)  a  uniform  load  of  1-1/2  psi  was  applied  to 
the  top  surfoce  of  the  sheet,  and  (3)  a  second  exposure  was  mode  on  the  same  film. 

This  resulted  in  double-lined  pictures  which  showed  the  original  and  final  position 
of  the  grid  lines  and,  thus,  defined  the  deformation  patterns  for  various  conditions 
as  follows: 

1.  Figure  C-2.  Thin-card  arch,  rectangular  footings,  and  semicircular  plug 
in  the  cutout. 

2.  Figure  C-3.  Sheet  loaded  with  nothing  in  the  cutout. 

3.  Figure  C-4.  Plastic  sheet  with  thin-card  arch  arxl  rectangular  footings. 
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4.  Figure  C-5.  Some  as  3  except  with  tied  footings. 

5.  Figure  Plastic  sheet  with  thiciccard  arch  and  rectangular  footings. 

6.  Figure  C-7.  Plastic  sheet  with  thin-card  arch  and  trapezoidal  footings. 

Several  interesting  observations  were  made  from  these  tests,  some  of  which 
confirmed  expected  behavior  and  others  which  were  somewhat  serendipitious. 

Figure  C-3  shows  that  with  no  arch  liner  in  the  cutout,  large  deformations  occurred 
in  the  region  of  the  crown  but  that  there  was  essentially  no  deformation  beneath  the 
footing  cutout,  insertion  of  the  thin-card  arch  and  rectangular  footings.  Figure  C-4, 
reduced  the  crown  deflection  appreciably  and  resulted  in  deformations  under  the 
footing  and  the  floor.  (The  latter  deformation  explains  the  failure  which  occurred 
in  the  floor  slab  of  the  Operation  Plumbbob  3.3  structures.)  There  was  considerable 
outward  deflection  at  and  near  the  right  footing;  consequently,  the  footings  were 
tied  with  a  piece  of  wire  and  the  load  reapplied.  Figure  C-5.  Tying  the  footings 
resulted  in  a  marked  decrease  in  lateral  deformations.  (The  right  half  of  the  system 
of  Figure  C-4  did  not  deform  properly  because  of  being  caught  on  a  sliver  in  the 
Iwo-by-four  reaction.)  Use  of  a  thick-card  arch.  Figure  C-6,  produced  a  similar 
pattern  but  resulted  in  smaller  lateral  deformations  distributed  throughout  a  greater 
depth.  Doubling  the  size  of  the  footings,  Figure  C-7,  reduced  the  downward 
deflection  thereof  very  slightly. 

Two  observations  were  made  from  the  tests  which  are  not  shown  in  Figures  C-2 
through  C-7:  (1)  the  footings  tended  to  rotate  for  the  heavy-card  arch,  and  (2)  local 
inward  buckling  occurred  in  the  thin-card  arch  near  the  right  footing  when  the  load 
was  increased  to  about  4  psi.  The  buckling  was  a  "snap-through"  action  similar  to 
the  "bottom-of-the-oil-can"  type  buckling  and  occurred  in  about  the  third  symmetrical 
mode.  Further  study  of  this  buckling  phenomenon  would  appear  to  be  warranted. 
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Figure  C-1.  Test  setup  for  foamed-plastic  model. 


Figure  C*2.  Plastic  sheet  with  plug  in  the  cutout. 
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Figure  C-3.  Plastic  sheet  with  nothing  in  the  cutout. 
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Figure  C-4.  Thin-card  arch  and  rectangular  footings. 


gure  C-5.  Thin-card  arch  and  rectangular  tied  footings. 
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Figure  C-6.  Thick-card  arch  and  rectangular  footings 
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Figure  C-7.  Thick-card  arch  and  trapezoidal  footings. 
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Appendix  D 


TWO-DIMENSIONAL  TESTS 


Two-dimensional  soil -structure  interaction  experiments  were  conducted  in  the 
skirt  extensions  of  the  NCEL  blast  simulator.  The  chamber  Formed  by  the  skirt  exten¬ 
sions  is  used  to  contain  various  blast  experiments.  For  these  experiments,  the  skirts 
were  assembled  in  a  box  configuration  with  the  open  top  bolted  to  the  bottom  of  the 
simulator.  The  inside  dimensions  of  the  skirts  when  so  arranged  are  8  inches  wide, 

6  feet  high,  and  9  feet  long.  The  two-dimensional  model  structures  used  in  the 
experiment  were  7-3/4-lnch-long  sections  of  15-inch-dlameter  semicircular  metal 
arches.  The  arches  were  hinge-mounted  on  wooden  footings  1-1/5  inches  wide, 

1-4/5  inches  high,  and  7-3/4  inches  long.  For  testing,  the  arch  was  oriented  with 
the  horizontal  axis  perpendicular  to  the  horizontal  axis  of  the  blast  simulator.  The 
arches  were,  in  effect,  “slices"  from  the  central  portion  of  an  arch  structure. 
Boundaries  for  the  slice  and  the  surrounding  soil  were  the  inside  surfaces  of  the  skirt 
extensions. 

The  arches  were  fitted  with  soft  neoprene  seals  faced  with  thin  sheet  Teflon  at 
the  intersections  of  the  arch  and  the  skirt  walls.  The  ends  of  the  footings  were  fitted 
with  soft  foam  pods  with  thin  Teflon  facings  where  they  met  the  skirt  walls.  A  neo¬ 
prene  seal  was  laid  upon  the  surface  of  the  sand  covering  the  arch  to  prevent  the 
surface  gas  pressure  from  acting  directly  through  the  air  in  the  soil  voids.  Rather, 
the  surface  loads  acted  upon  the  buried  structure  through  intergranular  pressure.  The 
depth  of  soil  over  the  crown  was  6  inches.  For  all  but  Static  Tests  1  and  2  and 
Dynamic  Test  1,  the  sealing  lips  of  the  neoprene  seal  were  Faced  with  Teflon  to  reduce 
friction  against  the  skirt-extension  walls.  Pertinent  dimensions  of  the  two-dimensional 
test  structure  are  shown  in  Figure  D-1 . 

Instrumentation  consisted  of  a  colored -sand  grid  pattern  monitored  by  pretest 
and  post-test  photography,  a  linear-motion  potentiometer,  and  pressure  gages.  In 
the  static  tests  a  supplementary  Bourdon-tube  pressure  gage  was  employed.  A 
Bourns  linear-motion  potentiometer.  Model  106,  was  used  to  measure  motion  of  the 
crown  of  the  arch  relative  to  a  point  on  the  floor  of  the  model  directly  beneath  the 
crown.  Soil  pressures  against  the  arch  were  measured  at  three  locations  with 
Consolidated  Electrodynamics  Corporation  (CEC)  pressure  pickups.  Model  4-312. 
Locations  were  30,  60,  and  90  degrees  above  the  footing.  All  instrumentation  signals 
were  fed  through  CEC  System  "D"  equipment  and  recorded  on  a  CEC  Model  5-119 
recording  oscillograph.  Arrangement  of  the  instrumentation  is  shown  in  Figure  D-2. 
Specifications  of  the  Instruments  used  are  indicated  in  Table  II  in  the  instrumentation 
section  of  this  report. 
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Figure  D-1.  Pertinent  dimensions  of  the  two-dimensional  test  structure. 


Figure  D>2.  Instrumentation  arrangement  for  two-dimensional 
soil -structure  interaction  experiments. 


The  soil  environment  surrounding  the  test  structures  was  a  well -graded  dry 
sand.  Gradation  is  given  in  Figure  A-1,  appendix  A.  Sand  was  placed  in  the  skirts 
in  7-inch  layers,  and  compacted  by  vibration  with  a  l-l/8-inch-diameter  concrete 
spud  vibrator.  The  vibrator  was  slowly  inserted  and  withdrawn  in  a  regular  pattern 
to  produce  as  nearly  uniform  density  as  possible.  As  the  configuration  of  the  chamber 
formed  by  the  skirt  extensions  precluded  measuring  in-place  sand  density  by  ordinary 
methods,  the  average  density  of  the  sand  was  determined  by  measuring  the  volume  of 
sand  in  place  and  noting  the  weight  of  sand  used. 

A  portion  of  one  wall  of  the  skirt-extension  chamber  is  made  of  strong,  thick 
glass.  Approximately  60  percent  of  the  arch  was  visible  through  this  glass.  In  order 
to  observe  the  failure  patterns  of  the  sand,  a  grid  of  black  sand  stripes  approximately 
1/2  inch  wide  and  1/2  inch  deep  was  placed  against  the  glass  observation  panel. 
Special  templates  were  used  to  place  the  stripes  only  against  the  glass;  they  did  not 
extend  through  the  sand  from  wall  to  wall  of  the  skirt  extensions.  TVie  sand  used  for 
the  stripes  was  the  same  sand  used  to  fill  the  remainder  of  the  chamber.  It  was  colored 
by  the  addition  of  0.1  percent  by  weight  of  lampblack. 

Of  a  total  of  nine  two-dimensional  soil -structure  interaction  tests  conducted 
in  the  skirt  extensions  of  the  blast  simulator,  three  were  static  and  six  were  dynamic. 
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Static  Test  1  was  unsuccessful  from  the  standpoint  of  furthering  soil -structure 
interaction  knowledge.  Excessive  leakage  of  the  compressed  air  permitted  only 

1.5  psi  to  be  applied  to  the  surface  of  the  soil.  However,  the  test  did  serve  as  a 
pilot  experiment  which  illustrated  the  need  for  improved  sealing  of  the  test  chamber. 
Though  inadequate  for  a  static  test,  the  installation  was  considered  suitable  for 
dynamic  loading,  and  it  was  used  intact  as  Dynamic  Test  1.  As  such,  it  will  be 
commented  upon  in  proper  sequence. 

Suitable  seals  were  placed  in  the  joint  between  the  skirt-extension  chamber 
and  the  blast  simulator  for  Static  Test  2.  In  this  test  the  structure  failed  at  a  pressure 
of  1.6  psi  on  the  soil  surface.  The  primary  cause  of  failure  was  spreading  of  the 
footings  of  the  test  structure.  Deflection  of  the  crown  was  only  0.08  inch  with 

1.6  psi  on  the  soil  surface  just  prior  to  the  gross  failure  illustrated  in  Figure  D-3. 

In  all  subsequent  experiments  in  this  two-dimensional  series,  the  footings  were  tied 
with  a  steel  bracket  to  prevent  spreading  and  rotation. 

For  Static  Test  3,  the  last  of  the  two-dimensional  static  series,  a  slight 
modification  was  made  in  the  neoprene  seal  used  on  the  top  surface  of  the  sand.  A 
thin  strip  of  Teflon  was  cemented  to  each  lip  of  the  seal  to  reduce  friction  between 
the  seal  and  the  skirt-extension  walls.  This  arrangement  was  used  in  Dynamic  Tests 
2  through  6. 

The  maximum  crown  deflection  in  Static  Test  3  was  0.17  inch.  This  occurred 
at  a  pressure  of  10  psi  on  the  surface  of  the  sand  cover.  At  that  pressure,  the  footing 
deflection  was  5/16  inch  down  and  the  floor  deflection  was  3/16  inch  down. 

Figures  D-4  and  D-5  show,  respectively,  the  conditions  before  loading  and  at  10  psi. 
Deformation  patterns  are  visible  in  the  stripes  of  the  sand.  No  damage  to  the  structure 
was  apparent. 

The  six  dynamic  two-dimensional  experiments  were  fraught  with  difficulties. 
Some  of  these  were  instrumentation  failure,  nonhomogeneous  soil  conditions,  leakage 
of  seals,  and  initially  deformed  model  arches.  The  earliest  of  the  dynamic  experi¬ 
ments  served  to  improve  instrumentation,  soil  placement,  and  sealing  of  the  test 
chamber.  Most  valuable  of  the  dynamic  two-dimensional  experiments  was  No.  5. 

Two-dimensional  Dynamic  Test  5  was  at  a  pressure  level  of  15.7  psi  on  the 
soil  surface.  The  peak  crown  deflection  was  1.96  inches,  the  footing  deflection  was 
0.75  inch,  and  the  floor  deflection  was  zero.  Figures  D-6  and  D-7  are  photographs 
made  before  and  after  load  application.  Disturbance  of  the  horizontal  sand  stripes 
at  the  crown  was  caused  in  part  by  gas  leaking  downward  past  the  neoprene  seal  on 
the  sand  surface. 
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Figure  D-3.  Two-dimensional  Static  Test  2  after  failure. 


130 


igure  D-4.  Two-Dimensional  Static  Test  3  before  Figure  D-5.  Two-dimensional  Static  Test  3  at  10  psi 
loading.  surface  pressure. 
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Figure  D-6.  Two-dimensional  Dynamic  Test  5  before  Figure  D-7.  Two-dimensional  Dynamic  Test  5  after 
loading.  application  of  15.7-psi  surface  load. 


The  geometry  of  the  NCEL  blast  simulator  is  such  that  two-dimensional, 
small-scale  experimental  studies  of  soil -structure  interaction  are  less  expensive 
and,  in  some  respects,  easier  to  perform  than  the  more  realistic  three-dimensional 
experiments.  Therefore,  in  the  early  stages  of  experimentation  it  became  necessary 
to  determine  the  magnitudes  of  any  adverse  boundary  effects  which  might  be  imposed 
upon  a  two-dimensional  experiment.  One  of  the  primary  effects  was  friction,  and 
this  friction  was  from  two  sources.  The  first  of  these  was  friction  between  the  ends 
of  the  test  structure  and  the  boundary  formed  by  the  skirt  extensions  of  the  blast 
simulator.  The  second  was  between  the  skirt  extensions  and  the  soil  used  to  cover 
the  test  structure.  While  not  studied  extensively,  satisfactory  reduction  of  the 
friction  between  the  test  structure  and  the  skirt  extensions  was  considered  to  be 
relatively  easy  of  accomplishment.  Effort  was  concentrated  upon  the  more  difficult 
problem  of  friction  between  the  skirt  extensions  and  the  soil. 

The  general  arrangement  of  the  experiment  to  evaluate  skirt  friction  is  shown 
in  Figure  D-8.  A  steel  beam  (8WF35)  was  supported  at  the  one-third  points  by  two 
Baldwin  SR -4  load  cells  in  the  bottom  of  the  box  formed  by  the  skirt  extensions  of 
the  blast  simulator.  A  neoprene  seal  with  upturned  edges  was  placed  on  the  beam; 
sand,  at  a  controlled  uniform  density,  was  placed  to  a  preselected  depth  on  the 
neoprene  seal;  and  a  second  steel  beam  (8WF35)  was  seated  on  the  upper  surface  of 
the  sand.  Vertical  static  loads  were  imposed  upon  the  horizontal  upper  surface  of 
the  sand  by  jacking  downward  on  the  topmost  steel  beam.  Three  similar  hydraulic 
jacks  were  used  for  loading.  These  three  jacks  were  connected  to  a  common  manifold, 
to  which  a  pressure  gage  also  was  connected.  With  this  arrangement,  it  was  possible 
to  apply  a  known  load  to  the  top  beam  and  to  measure  that  portion  of  the  load  which 
was  transmitted  through  the  sand  to  the  bottom  beam.  The  difference  in  the  top  and 
bottom  loads  was  attributed  to  friction  between  the  sand  and  the  skirt-extension  walls, 
and  between  the  neoprene  seal  and  the  skirt-extension  walls. 

Two  initial  tests  were  performed.  The  first  was  as  described  above,  with  a 
46-1/2-inch  depth  of  sand.  The  second  test  was  similar  to  the  first,  except  that  the 
sand  was  contained  in  a  plastic  bag  of  the  shape  and  size  of  the  inside  of  the  skirt- 
extension  chamber.  Silicon  grease  was  used  to  lubricate  the  surfaces  between  the 
plastic  bag  and  the  steel  walls  of  the  skirt  extensions.  The  depth  of  sarxi  in  this 
second  experiment  was  47  inches. 

As  a  result  of  these  first  two  experiments  for  evaluating  skirt  friction,  it  was 
apparent  that  most  of  the  load  applied  to  the  top  surface  of  the  sand  was  lost  to 
friction  on  the  skirt-extension  walls.  Actual  magnitudes  will  be  discussed  later. 

Before  proceeding  further,  it  was  deemed  advisable  to  make  some  smaller 
scale  friction  experiments.  These  were  made  in  a  modified  soil  shear  box,  the 
bottom  half  of  which  was  replaced  by  a  steel  plate.  In  the  first  of  these  shear-box 
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experimentSi  the  coefficient  of  friction  between  sand  and  steel  was  determined.  In 
the  second/  a  sheet  of  Teflon  5  mils  in  thickness  was  placed  between  the  sand  and 
the  steel.  In  the  third  experiment,  the  sand  and  steel  were  separated  by  a  piece  of 
the  plastic  bog  used  in  the  skirt-friction  test.  As  in  the  skirt-friction  test,  silicon 
grease  was  used  between  the  steel  plate  and  the  plastic.  In  the  fourth  experiment, 
two  pieces  of  Teflon,  each  5  mils  thick,  were  placed  between  the  sand  and  the  steel. 
The  lowest  coefficient  of  friction  was  exhibited  in  the  experiment  in  which  two 
thicknesses  of  Teflon  were  used.  Figure  D-9  illustrates  the  relative  merits  of  the 
various  friction-reducing  methods  tested  in  the  shear  box. 

Following  these  friction  determinations  in  the  modified  soil  shear  box,  two 
additional  experiments  were  conducted  in  the  skirt  extensions.  For  both  of  these 
latter  experiments,  a  double  sheet  of  Teflon,  each  5  mils  thick,  was  placed  between 
the  sand  and  the  skirt  wails.  The  two  experiments  differed  in  the  depth  of  sand  used. 
In  the  first  a  13-inch  depth  was  placed  on  the  bottom  beam,  and  in  the  second  a 
25-inch  depth  was  placed. 

A  final  experiment  to  determine  the  amount  of  friction  contributed  by  the 
neoprene  seal  was  made  by  placing  a  1-inch  depth  of  sand  on  the  seal. 

Figure  D-10  illustrates  the  magnitude  of  surface  load  lost  to  friction  under 
various  conditions  in  the  skirt  extensions.  Ihe  soil -structure  interaction  experiments, 
for  which  these  friction  tests  were  auxiliaries,  utilized  a  small  buried  structure  which 
required  approximately  21  inches  of  soil  cover  above  the  footings.  This  depth  is 
slightly  less  than  the  25-inch  depth  of  skirt-friction  test  No.  5.  It  may  be  seen  In 
Figure  D-10  that  the  load  lost  to  friction  with  this  depth  of  sand  is  a  very  large 
percentage  of  the  applied  surface  load.  This  loss  occurred  even  though  double 
sheets  of  Teflon  were  used  to  reduce  friction  between  the  sand  and  the  steel  walls 
of  the  skirt  extensions.  The  friction  loss  was  large  enough  to  obscure  inertia  effects 
which  might  be  present  in  dynamic  experiments.  Consequently,  the  decision  was 
made  to  abandon  the  plan  of  two-dimensional  testing  in  the  skirt  extensions,  and  to 
resort  to  three-dimensional  testing  in  the  blast  simulator  test  pit. 
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Figure  D-8.  Arrangement  of  wall  friction  experiment  in  blast 
simulator  skirt  extensions. 
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No.  1,  Unlinod  chombor,  46!^"  tond  dopth 
No.  2,  Lubrieolod  plastic  bog,  47"  sand  dopth 
No.  3,  Nooprono  sool,  1"  sand  dopth 
No.  4,  Double  Todon  lining,  13"  sand  dopth 
No.  5,  Double  Teflon  lining,  25”  sand  depth 


Figure  D>10.  Magnitude  of  surface  load  lost  to  friction  under  various 
conditions  in  the  skirt  extensions. 
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Appendix  E 
OSCILLOGRAMS 
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StQthofn  2  ^1  3.30  pti/in 


2.71  pti/in. 
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Figure  E-1.  Oscillogram  —  3D-6B. 
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Figure  E-1.  Oscillogram  —  3D-6B  (cont'd). 


Figure  E-1.  Oscillogram  —  3D-6B  (cont'd). 


Figure  E~1.  Oscillogram  —  3D-6B  (conf'd). 
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Figure  E-2.  Oscillogram  —  3D-6D. 
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Figure  E-2.  Osciitograin  —  3D-6D  (cont'd). 
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Figure  E-2.  Oscillogram  —  3D-6D  (cont'd). 


Figure  E-2.  Osciliogram  —  3D-6D  (cont'd), 
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Figure  E-3.  Oscillogram  —  3D-11B  (cont'd). 
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Figure  E-3.  Oscillogram  —  3D-11B  (cont'd). 


igure  E-3.  Oscillogram  —  3D-11B  (conf'd). 
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Figure  E-4.  Oscillogram  —  3D-12A, 
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Figure  E-4.  Oscillogram  — 3D-12A  (cont'd). 
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Figure  E-4.  Oscillogram  —  3D-12A  (cont'd). 
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Figure  E-4.  Oscillogram  —  3D-12A  (cont'd). 
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Figure  E-5.  Oscillogram  —  3D-13C. 
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Figure  E-5.  Oscillogram  —  3D-13C  (conf'd). 
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Figure  E-5.  Oscillogram  —  3D-13C  (cont'd). 
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Figure  E-5.  Oscillogram  —  3D-13C  (conf'd). 
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